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ABSTRACT
In recent years the population of Asian carp has increased exponentially in the Missis-
sippi River Basin. This invasive species are lter feeders that consume phytoplankton
and zooplankton thus competing directly with native species as their diets overlap.
Asian carp can lay thousands of eggs and have the potential to spawn up to three
times per year. Moreover, there is a growing concern about Asian carp invading the
Great Lakes, which could cause negative ecological and economic impact. Asian carp
eggs are semi-buoyant and must remain suspended in the water column to survive,
supported by the turbulence of the ow, until they hatch and develop the ability to
swim. Determining if Asian carp will use a given river for spawning and recruitment is
typically determined by comparing a river to those where spawning and recruitment
were observed. This observation-based technique has led to general guidelines about
the river length and hydraulic characteristics required for Asian carp spawning and
recruitment. Previous estimates of the minimum river length or stream velocities re-
quired to keep eggs in suspension have not consider the non linearity of the hatching
dynamics of dierent river systems. In reality, minimum river length (drifting time)
required for egg hatching depends primarily on water temperature and the river's
hydrodynamics. Today, there is no a clear understanding and consensus about the
hydrodynamic conditions at which eggs are transported and remain in suspension.
In this thesis, we developed the Fluvial Egg Drift Simulator (FluEgg), a three-
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dimensional Lagrangian model to simulate the transport dynamics of Asian carp
eggs. FluEgg tracks individual virtual eggs as they drift through the current during
the life stages before hatching. The FluEgg model incorporates information about
Asian carp egg development and river hydrodynamics to provide insights regarding:
(i) the likelihood of a river to be suitable for spawning, (ii) the potential of a river
to transport Asian carp eggs in suspension until hatching, and (iii) the identication
of the location of Asian carp eggs at dierent developmental stages. This research
contributes valuable information about the transport, and dispersal patterns of Asian
carp eggs, and assists in the identication of critical hydrodynamic conditions that
maintain eggs in suspension. The FluEgg model was applied to two Great Lakes
tributaries to predict transport and dispersion of Asian carp eggs in two dierent
river systems. Results depict the dynamic component associated with egg transport
and dispersion, and egg-hatching risk due to the interactive relation between river
length, hydrodynamic characteristics, and water temperatures. Results indicate that
drifting distances to enable hatching depend strongly on the river hydrodynamics
and on the water temperature. Therefore, depending on the environmental and
hydrodynamic characteristics of the river, drifting distances can be much shorter
than the 100 km previously assumed to be adequate based on the observation of
native spawning rivers. However, as the developmental rates of Asian carp eggs
depend on water temperature, small changes in temperature might result in longer
river reaches to support egg hatching.
Going one step further from the numerical modeling of the transport and dis-
persion of Asian carp eggs, laboratory experiments using surrogate eggs mimicking
the physical properties of water-hardened eggs, were performed in a temperature-
controlled recirculatory ume with a sand bed. Surrogate eggs were allowed to drift
under dierent velocity conditions. Egg drifting behavior, and suspension and set-
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tling dynamics were observed. It was observed that at high velocities (V 0:2m=s)
eggs were suspended and distributed throughout the water column, eggs that touched
the sand bed were re-entrained by the ow. At lower velocities (V 0:57m=s) some
settling of the eggs was observed. Egg settling zones were located in the sand bed
near the walls of the ume and in the lee side of the bedforms.
In summary, my research explains the dynamics of the transport and fate of Asian
carp eggs in spawning rivers by using numerical simulations performed by the FluEgg
model together with laboratory experiments using surrogate eggs. Results from this
thesis are useful for scientists, managers, and stakeholders both to improve their
understanding of drifting behavior of Asian carp in early life stages, that is before
the eggs hatch and develop the ability to swim, and to facilitate their decision making
processes. Finally, the FluEgg model can not only be used as a tool to evaluate the
transport of Asian carp eggs but also to simulate the transport of eggs of other sh
species, and assess the transport of other passive particles.
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CHAPTER 1
INTRODUCTION AND RESEARCH PROBLEM
1.1 Motivation
Asian carp includes four species: black carp (Mylopharyngodon piceus), grass carp
(Ctenopharyngodon idellus), silver carp (Hypophthalmichthys molitrix ), and bighead
carp (Aristichyths nobilis). These are invasive species that are spreading rapidly in
the Mississippi River Basin. Asian carp are lter feeders that consume phytoplankton
and zooplankton, for this reason the food web of the water bodies in which they dwell
can be aected (Sampson et al., 2009). Additionally, Asian carp populations possess
an exponential growth rate (Chapman and George, 2011a; Chick and Pegg, 2001;
DeGrandchamp, 2006; Kolar et al., 2005) and have the ability to spawn several times
a year (Ruebush, 2011). This leads to increased competition with native species for
a limited food supply.
Asian carp are fast becoming a national concern because it is feared they will
eventually migrate to the Great Lakes resulting in negative ecological and economic
impacts (Brammeier et al., 2008). The threat of Asian carp to native species, their
rapid migration towards the Great Lakes, and the previous destruction caused by
other invasive species (e.g. zebra mussel (Dreissena polymorpha)), support one con-
clusion, the immediate need to control Asian carp before they reach the Great Lakes.
There are various ongoing eorts to control Asian carp populations including,
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but not limited to, electroshing, netting, poisoning, and commercialization and
exportation of Asian carp.
This study analyzes both Asian carp spawning behavior and the transport and
dispersion of Asian carp eggs. A better understanding of these processes has the po-
tential to aid the creation of prevention, management and control strategies targeting
early life stages of Asian carp.
This thesis research focuses on two major species: silver and bighead carp. These
two species of carp were brought to the United States in the early 1970s to be used
as plankton biological control organisms in commercial aquaculture ponds and in
wastewater treatment lagoons (Chapman and George, 2011a; Jennings, 1988; Kolar
et al., 2007; Sampson et al., 2009; Schrank et al., 2001). It is believed silver and big-
head carp escaped their lagoon connements during a ood event in the 1980s (Freeze
and Henderson, 1982; Sampson et al., 2009). These species are now well established
in the Mississippi River Basin (Kolar et al., 2007; Sampson et al., 2009; Schrank et al.,
2001). Silver and bighead carp are in direct competition with native lter feeders
in the Mississippi River Basin, such as bigmouth bualo (Ictiobus cyprinellus), giz-
zard shad (Dorosoma cepedianum), and paddlesh (Polydon spathula) (Aitkin et al.,
2008; Sampson et al., 2009; Chapman and Deters, 2009). Silver and bighead carp
potential impacts lie in the predation of plankton populations and economic losses
relating from threats to the recreational safety of the Mississippi River Basin (Aitkin
et al., 2008; Sampson et al., 2009; Chapman and Deters, 2009).
Important factors aecting the spawning of Asian carp include the following: water
level uctuation, turbulence, ow velocity, temperature, and turbidity (Kolar et al.,
2007; Peh-Lu et al., 1964). Spawning grounds of Asian carp are generally charac-
terized by turbid owing water (0.25 to 0.9 m=s), while it also has been observed in
more rapidly owing water (3.0 m=s) (Kolar et al., 2007; Rach et al., 2010; Peh-Lu
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et al., 1964; Yi et al., 2010). Asian carp spawning grounds are located in areas char-
acterized by turbulent currents and mixing waters like river conuences, rock rapids,
behind sandbars, stonebeds or islands, and downstream of dams and spillways where
bubbles and eddies are present (Jennings, 1988; Kolar et al., 2007; Peh-Lu et al.,
1964; Lohmeyer, 2008).
After fertilization Asian carp eggs begin to absorb water, thereby increasing in size
and decreasing density over time (Rach et al., 2010; Chapman and Deters, 2009; Peh-
Lu et al., 1964; Gonzal et al., 1987; Chapman and George, 2011a). Their drifting eggs
are semi-buoyant (Chapman, 2006; Lohmeyer, 2008; Whittier and Aitkin, 2008; Rach
et al., 2010) and it is believed they must remain suspended in the water column to
survive (Peh-Lu et al., 1964; Jennings, 1988; Schrank et al., 2001; Kolar et al., 2007;
Aitkin et al., 2008; Chapman and Deters, 2009; Rach et al., 2010; Yi et al., 2010).
Although Asian carp are preferential lake-dwelling shes, they require large rivers to
spawn and support egg and larvae development (Kolar et al., 2007; Lohmeyer, 2008;
Jennings, 1988). Temperatures at spawning grounds range between 18 and 30 °C
(Jennings, 1988; Kolar et al., 2007; Peh-Lu et al., 1964; Yi et al., 2010).
Previous assessments of potential recruitment success were made based primarily
on river temperature, velocity, and undamed river length (Kocovsky et al., 2012; Ko-
lar et al., 2007). While there have been several estimates of the minimum length of
river required for their survival, 100 Km is a value often cited as sucient to support
Asian carp eggs and larvae (Kolar et al., 2007; Krykhtin and Gorbach, 1982). How-
ever, this is a gross estimate based primarily on known locations where Asian carp are
able to recruit. The actual required river length is inuenced by water temperature,
the developmental stage at which larvae begin to swim, and hydraulic variables such
as water velocity, shear velocity, water depth and particle dispersion coecients. In
a previous study performed by Kolar et al. (2007), 22 Great Lake tributaries were
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identied as potential spawning rivers. This assessment was based on the criterion
mentioned previously that states a potential spawning river has to be at least 100
Km long. In a recent study, Kocovsky et al. (2012) evaluated the spawning poten-
tial of several Lake Erie tributaries. The authors studied temperatures, and velocity
time series of selected rivers based on the identication of ood events considered
favorable to Asian carp spawning. They dened temperature suitable for spawn-
ing as greater than 21 °C, and dened ood events favorable for spawning when the
maximum ow velocity exceeded 0.7 m/s. The authors concluded the examined Lake
Erie tributaries were suciently long and had sucient velocity and water temper-
ature to enable egg hatching before they reached Lake Erie for the majority of ood
events. In a higher order approach Murphy and Jackson (2013) evaluated the shear
velocity (an indicator of turbulence) and the eggs' settling velocity and travel times
to assess the potential of Asian carp spawning and successful recruitment in four
tributaries of the Great Lakes (Milwaukee, Saint Joseph, Maumee, and Sandusky
Rivers). However, more accurate analyses of tributaries suitable for spawning and
successful recruitment should be based on predictions made from a holistic assess-
ment incorporating river hydrodynamics, water temperature, and egg development
dynamics (Garcia et al., 2013).
Today, there exist a need to develop a tool capable of critically assessing the suit-
ability of a given river to support Asian carp spawning, and to maintain the eggs in
suspension as they are transported to nursery areas by the current. In addition, no
controlled laboratory experiments under owing water have been performed to iden-
tify and assess the hydrodynamic conditions necessary to prevent Asian carp eggs
from sinking. As such, there is a great need to perform controlled laboratory exper-
iments and to develop a numerical model to simulate the transport and dispersion
of Asian carp eggs. It is expected laboratory experiments together with numerical
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modeling will provide a better understanding of the drifting properties of Asian carp
eggs.
The main objective of this work is to study the role of ow velocity, shear and
turbulent diusion on the transport and dispersal patterns of Asian carp eggs. The
ultimate goal is to understand how Asian carp drifting eggs are kept in suspension
and transported by hydrodynamic characteristics of the ow until they hatch and are
able to swim. This is critical for the identication of potential spawning rivers and
the development of prevention, control and management measures targeting early
life stages of Asian carp.
1.2 Methodology
This research employs a combination of numerical simulations of the dispersion and
transport of the eggs in owing water, along with laboratory experiments using syn-
thetic eggs (acetate beads matching an egg's physical characteristics and properties).
This research will provide valuable information and useful insight into the critical
hydrodynamic conditions necessary for carp eggs at dierent development stages to
remain in suspension.
We developed FluEgg (Fluvial Egg Drift Simulator), a three-dimensional La-
grangian model capable of evaluating the inuence of ow velocity, shear dispersion
and turbulent diusion on the transport and dispersal patterns of Asian carp eggs.
The model's variables include not only biological behavior (growth rate, and egg den-
sities changes) but also the physical characteristics of the ow eld, such as velocities,
shear velocities, and eddy diusivities. FluEgg is a tool to determine the adequacy of
tributaries that discharge into the Great Lakes to serve as spawning and recruitment
habitat for Asian carp. Rivers that are found to be adequate for spawning by Asian
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carp species (based primarily on existing data; ow velocity, channel slope, water
temperature, etc.) could then be targeted by invasive species managers for preven-
tion, control and monitoring. In addition, this tool could be used to develop control
mechanisms in rivers in which Asian carp are already successfully established.
FluEgg was used to simulate the transport and dispersion of Asian carp eggs in
Great Lakes tributaries. Simulations were useful to determine if a river is suciently
long for Asian carp to spawn and for the eggs to hatch and be carried to nursery
areas. The Great Lakes tributaries that were simulated were: the Saint Joseph River,
Michigan, and Sandusky River, Ohio.
As mentioned previously, the transport and dispersion patterns of Asian carp eggs
was not analyzed solely by numerical simulations. Laboratory experiments were
performed in the Ven Te Chow Hydrosystems Laboratory. Synthetic eggs (acetate
beads) were used in the laboratory experiments to reproduce density and diameter
of water-hardened Asian carp eggs as described by Chapman and George (2011b).
Two sets of experiments were performed. The rst set of experiments aimed to re-
produce the physical characteristics of water-hardened Asian carp eggs (egg density
and diameter). In this set of experiments a vertical column was used to measure
the terminal fall velocity of the synthetic eggs. Density of the water was modied
using salt to mimic synthetic eggs to water-hardened Asian carp eggs settling ve-
locity. The second set of experiments were performed in the Odell-Kovasznay ume
(?), a temperature-controlled recirculatory ume. In this ume the turbulence is
produced by shear velocity. A mixture of sand and walnut shells was placed in the
bed of the Odell-Kovasznay ume to not only reproduce eggs-sediment interaction,
but also to provide bed roughens. The synthetic eggs were allowed to drift in the
current under dierent velocity elds. The transport and dispersion of the eggs was
analyzed qualitatively (documented by photographs and videos), and quantitatively.
6
The quantitative analysis was performed by capturing the location of synthetic eggs
with a high-speed camera. The egg location was tracked from frames using the MAT-
LAB particle tracking toolbox, PTVlab (Patalano and Wernher, 2013). The vertical
distribution of the eggs was generated from uncorrelated frames, while egg paths
were generated from correlated frames.
The combination of laboratory experiments together with numerical simulations of
the transport and dispersion of Asian carp eggs in potential spawning rivers provided
a better understanding and knowledge of the critical hydrodynamic conditions at
which the eggs are transported and kept in suspension.
1.3 Research questions
It is thought that Asian Carp eggs need to be in suspension in order to avoid damage
or death (Peh-Lu et al., 1964; Jennings, 1988; Schrank et al., 2001; Kolar et al., 2007;
Aitkin et al., 2008; Chapman and Deters, 2009; Rach et al., 2010; Yi et al., 2010).
This argument can be used to develop Asian Carp control strategies. Based on
this theory, the aim of my PhD research is to investigate the critical hydrodynamic
conditions that maintain Asian carp eggs in suspension at dierent life stages. One
of the fundamental questions of my research is how do the eggs move and/or are
transported in response to velocity elds, uid shear stresses, and turbulent diusion.
This research raises additional questions:
1. How can the diusion of Asian carp eggs at dierent developmental stages be
compared with the diusion of uid momentum? Are they analogous?
2. What eect do water temperature, egg developmental stage, and river hydro-
dynamics have on egg transport and dispersion?
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3. What is the residence time and/or travel length for recruitment of Asian carp
under dierent hydrodynamic conditions?
4. Which of the potential spawning tributaries studied in this project are suitable
for potential recruitment?
5. Why do eggs fall out of suspension or remain suspended in the drift?
My approach to answer these questions its based on theoretical analysis, laboratory
experiments, and numerical simulations.
1.4 Objectives
In this Thesis a combination of laboratory experiments and numerical simulations
were used to study the inuence of ow velocity, shear dispersion and turbulent dif-
fusion on the transport and dispersal patterns of Asian carp eggs. In this study,
the hypothesis that egg suspension is required for successful recruitment plays an
important role in determining the suitability of a given stream to transport and suc-
cessfully recruit Asian carp populations. The understanding of how/why Asian carp
eggs remain in suspension and are transported by hydrodynamic characteristics of
the ow, and how the eggs' physical properties inuence their drifting behavior, will
provide valuable information to stakeholders and scientists to aid in the development
of prevention, control and management measures targeting early life stages of Asian
carp.
The objectives of this study are:
1. To develop a Lagrangian model capable of evaluating the inuence of ow
velocity, shear dispersion and turbulent diusion on the transport and dispersal
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patterns of Asian carp eggs.
2. To identify Great Lakes tributaries at risk for Asian carp reproduction based
on results from simulations of the transport and dispersion of the eggs. This
assessment will enable the determination of whether a given reach is suciently
long to allow the drifting eggs to develop and hatch before they reach, for
instance, the Great Lakes.
3. To identify a material that can serve as synthetic Asian carp eggs. Synthetic
eggs should mimic the physical characteristics (e.g., diameter, terminal fall
velocity and specic gravity) of Asian carp eggs.
4. To design and carry-out ume experiments using synthetic eggs to better un-
derstand egg transport under turbulent ow conditions, which are similar to
preferred spawning conditions in streams. Characterize qualitatively both egg-
bed interaction, and egg burial processes. Evaluate suspension and settling
dynamics of water-hardened eggs under dierent ow velocities.
1.5 Research contribution
The motivation for this study comes from a need to improve the knowledge we
have about the requirements for potential spawning and successful recruitment of
Asian carp. To this end, it is important to understand the required hydrodynamic
conditions for eggs suspension. The eggs should be in suspension long enough to
allow the development of the eggs until they hatch and are able to swim.
This study focuses on the transport and dispersion patterns of Asian carp eggs
in a set hydrodynamic environment. This research contributes information about
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Asian carp eggs drifting behavior as well as the critical hydrodynamic conditions
that keep the eggs in suspension. Results from this project will not only support
smart management decisions, but also generate a direct impact on decision makers'
perception with respect to why a particular river is conducive to Asian carp potential
spawning and successful recruitment.
One of the most important contributions of this research study is the development
of FluEgg, a three-dimensional Lagrangian model that enables the simulation of the
transport and dispersion of Asian carp eggs. The model's variables include: growth
rate of Asian carp eggs, density of eggs, velocities (during rising hydrograph), shear
velocities, and eddy diusivities. The FluEgg model is free to use and easily accessible
to all relevant decision makers and/or stakeholders. FluEgg includes a graphical user-
friendly interface. No doubt this will facilitate its usage and adoption as a decision
making tool to develop meaningful management control strategies to limit the impact
of invasive aquatic species.
Another contribution of this study is the application of FluEgg to potential spawn-
ing rivers. FluEgg was used to simulate two Great Lakes tributaries: The Saint
Joseph (Michigan) and Sandusky Rivers (Ohio). Rivers deemed suitable for success-
ful recruitment will be subject to further study in order to determine the best and
most appropriate course of action.
1.6 Structure of the thesis
This thesis is organized in ve chapters. Chapter 1 is the introduction. In chapter
2, the FluEgg model is presented together with an application of the simulation of
the transport and dispersion of Asian carp eggs in the Sandusky River, tributary
of Lake Erie. Also in chapter 2, the performance of the FluEgg model is evaluated
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using observed data from published ume experiments conducted in China with
water-hardened Asian carp eggs as subjects. In chapter 3 an enhanced version of
the FluEgg model, developed to more accurately simulate dispersion and egg devel-
opment, is presented alongside the FluEgg graphical user interface. Also in chapter
3, an application of the enhanced FluEgg model is presented to predict transport of
Asian carp eggs in the Saint Joseph River, tributary of Lake Michigan. Chapter 4
describes the laboratory experiments conducted using synthetic eggs that mimicked
the physical properties of water-hardened Asian carp eggs. Acetate beads (4.85 mm
diameter) were used as synthetic eggs. Experiments were performed using salty wa-
ter to replicate the terminal fall velocity and the density of the eggs. Experiments
were carried-out in both, stagnant water to calculate eggs terminal fall velocity of
synthetic and in moving water in a temperature-controlled recirculatory ume with
a walnut shell-sand bed. Results from the experiments illustrates egg drifting behav-
ior, and the dynamics involved in suspension and settling of Asian carp eggs at their
last stage before they hatch and develop the ability to swim vertically. Chapter 5
presents the main conclusions of this research together with recommendations and
future work.
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CHAPTER 2
DEVELOPMENT OF A FLUVIAL EGG DRIFT
SIMULATOR TO EVALUATE THE
TRANSPORT AND DISPERSION OF ASIAN
CARP EGGS IN RIVERS
2.1 Problem Statement
Asian carp are migrating towards the Great Lakes and are threatening to invade this
ecosystem, hence there is an immediate need to control their population. The trans-
port of Asian carp eggs in potential spawning rivers is an important factor in its life
history and recruitment success. An understanding of the transport, development,
and fate of Asian carp eggs has the potential to create prevention, management, and
control strategies before the eggs hatch and develop the ability to swim. However,
there is not a clear understanding of the hydrodynamic conditions at which the eggs
are transported and kept in suspension. This knowledge is imperative because of
the current assumption that suspension is required for the eggs to survive. Herein,
FluEgg (Fluvial Egg Drift Simulator), a three-dimensional Lagrangian model capable
of evaluating the inuence of ow velocity, shear dispersion and turbulent diusion
on the transport and dispersal patterns of Asian carp eggs is presented. The model's
variables include not only biological behavior (growth rate, density changes) but
also the physical characteristics of the ow eld, such as mean velocities and eddy
diusivities. The performance of the FluEgg model was evaluated using observed
data from published ume experiments conducted in China with water-hardened
Asian carp eggs as subjects. FluEgg simulations show a good agreement with the
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experimental data. The model was also run with observed data from the Sandusky
River in Ohio to provide a real-world demonstration case. This research will support
the identication of critical hydrodynamic conditions (e.g. ow velocity, depth, and
shear velocity) to maintain eggs in suspension, assist in the evaluation of suitable
spawning rivers for Asian carp populations and facilitate the development of preven-
tion, control and management strategies for Asian carp species in rivers and water
bodies.
2.2 Introduction
Asian carp are invasive species whose populations have surged exponentially in the
Mississippi River Basin (Kolar et al., 2007; Chick and Pegg, 2001; Sampson et al.,
2009; DeGrandchamp, 2006; Chapman and George, 2011a). Eorts are being made
to keep Asian carp from migrating into and establishing a successful recruiting pop-
ulation in the Great Lakes Basin where they may cause ecological and economic
damage. These eorts to control Asian carp populations include, but are not limited
to: poisoning, commercialization and exportation of Asian carp for food, electrosh-
ing, and netting. An important factor in controlling Asian carp is understanding its
spawning processes and early life stages behavior. To assess the risk of spawning and
successful recruitment, the required hydraulic and water-quality conditions must be
understood.
In Asia, Asian carp commonly spawn in the spring and early summer (Kolar et al.,
2007; Peh-Lu et al., 1964; Jennings, 1988). Spawning initiates when water levels rise
(which reects an increase in ow velocity) during rainy seasons (Peh-Lu et al.,
1964). One of the most important factors aecting spawning of Asian carp is water
level uctuation (Stainbrook et al., 2007; Jennings, 1988; Duan et al., 2009; Schrank
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et al., 2001; Peh-Lu et al., 1964). Other important factors are turbulence (presence
of eddies and bubbles), ow velocity, temperature, and turbidity (Yi et al., 2010;
Peh-Lu et al., 1964). The spawning grounds are normally located in mixing waters
such as river conuences, rock rapids, behind sandbars, and stonebeds or islands,
where bubbles and eddies are present (Jennings, 1988; Kolar et al., 2007; Peh-Lu
et al., 1964).
Asian carp eggs are semibuoyant drifting eggs and are thought to have to be in
suspension in order to hatch (Chapman, 2006; Jennings, 1988; Kolar et al., 2007;
Yi et al., 2010). The near-neutral buoyancy of each egg is due to the increase in
volume and decrease in both density and fall velocity caused by the large amount of
water absorbed by the egg after deposition (Jennings, 1988; Chapman and George,
2011a). After this process the eggs are referred to water hardened. It is thought
that Asian carp eggs may die when they sink to the bottom of a river (Aitkin et al.,
2008; Lohmeyer, 2008; Yi et al., 2010; Kolar et al., 2007; Rach et al., 2010; Chapman
and Deters, 2009; Jennings, 1988; Whittier and Aitkin, 2008; Peh-Lu et al., 1964;
Chapman and George, 2011a). However, there is no clear understanding of what
ultimately causes the death of carp eggs when they sink to the riverbed; possible
reasons include: lack of oxygen when buried by sediments, damage incurred by hitting
the bottom, or predation by organisms that live in the bottom (Kolar et al., 2007;
Rach et al., 2010; Garvey, 2007).
Current assessments of potential recruitment success are made based mainly on
river temperature, velocity, and undammed river length (Kocovsky et al., 2012; Kolar
et al., 2007). However, conclusions regarding potential recruitment success require a
more critical assessment based on predictions made from a reasonable amount of data
characterizing the river and its variability in ow and depth over the study reach.
In addition, the estimation of spawning times and location has been limited to an
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assessment based solely on developmental stage of eld-sampled eggs, temperature
and mean water velocity (Deters et al., 2012). Managers and stakeholders need
to employ the best methods available to make informed decisions for controlling
undesirable aquatic invasive species in rivers and other bodies of water in North
America. Assessing potential spawning in Great Lake tributaries requires a thorough
understanding of the transport and dispersal patterns of Asian carp eggs.
The understanding of spawning behavior and transport and dispersion of Asian
carp eggs has the potential to create prevention, management, and control strategies
before the eggs hatch and develop into larvae. This is imperative due to the exponen-
tial reproduction rates (Kolar et al., 2005; Chick and Pegg, 2001; DeGrandchamp,
2006; Chapman and George, 2011a) and the fact that Asian carp can spawn up to
three times a year (Ruebush, 2011). Transport of eggs and sh in the early stages of
development is considered an important factor in life history and recruitment success
of many species (Hinckley et al., 1996; Parada et al., 2003). The study of the trans-
port and dispersion of eggs would enable the estimation of minimum river lengths
for recruitment, give information regarding the trajectories of single carp individuals
and mass of eggs transported from spawning areas to nursery areas and identify the
eects of physical and biological factors on the dynamics of Asian carp populations.
The main objective of this study was to develop a tool capable of evaluating the
inuence of ow velocity, shear velocity and turbulent diusion on the transport and
dispersal patterns of Asian carps eggs. The key goal was to understand how Asian
carp drifting eggs are kept in suspension and transported by hydrodynamic char-
acteristics of the ow and how the eggs' physical properties inuence their drifting
behavior. To this end, a Lagrangian numerical model, including biotic and abiotic
characteristics that aect the transport and dispersion of Asian carp eggs was for-
mulated and used. This model, Fluvial Egg Drift Simulator (FluEgg), not only can
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be used as a tool to evaluate the transport of Asian carp eggs but also to simulate
the transport of eggs of other sh species, or to assess the transport of other passive
particles. FluEgg is an Individual Based Model (IBM) that tracks individual virtual
eggs as they drift through the current during their rst life stages before hatching.
The performance of FluEgg was evaluated using data from published ume exper-
iments previously conducted by Tang et al. (1989). In these laboratory experiments
the authors placed water hardened Asian carp eggs in the upstream portion of a ume
and allowed the eggs to drift. Egg vertical concentration distribution was measured
using a stratied egg collector sampling device. Egg vertical concentrations obtained
from FluEgg simulations of the experimental ume are compared against data col-
lected by Tang et al. (1989). Additionally, an application of the FluEgg model is
presented for the Sandusky River in Ohio. This simulation was run with hydrody-
namic and water quality data collected by the U.S. Geological Survey (USGS) in
September 2012.
2.3 Material and methods
FluEgg is a Lagrangian model developed to study the transport and dispersal pat-
terns of Asian carp eggs. Lagrangian models have been widely used in oceanography
with applications of individual-based models in biophysical modeling of the early
life history of sh eggs and larvae (Scotia et al., 2002; Pedersen et al., 2003; Lett
et al., 2008; Parada et al., 2003; Tian et al., 2009; Huret et al., 2007; Davidson and
Deyoung, 1995). FluEgg uses random walk and random displacement techniques
to simulate the turbulent diusion phenomena that contributes to eggs movement.
Changes in the biological characteristics of eggs (e.g., diameter and egg density) are
embedded into the model through a user-dened growth function. FluEgg treats
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the mass of eggs as discrete particles. At each time step the movement of each par-
ticle consists of an advective, deterministic component and a diusive, stochastic
component. This approach is an eective way to describe the movements of Asian
carps eggs because the eggs are live particles that move with the turbulent ow eld.
FluEgg is a tool for prediction, control and management of early life stages of Asian
carp eggs. The model description follows the ODD (Overview, Design concepts and
Details) protocol (Grimm et al., 2006).
2.3.1 Purpose
The purpose of FluEgg is to understand how the transport of eggs is inuenced
not only by biological characteristics such as growth rate, diameter and density,
but also by the hydrodynamics and environmental characteristics of the waterbody
in which they are drifting. The most important environmental and hydrodynamic
variables that drive egg transport processes are advection, shear dispersion, and
turbulent diusion. FluEgg can be used to evaluate how these variables will aect
the concentration distribution of the eggs, and provide information regarding the
longitudinal, lateral and vertical concentration distribution of eggs downstream of
spawning grounds. This information may give insight into the potential recruitment
success of eggs. Higher percentage of eggs in suspension are associated with higher
probability of survival and recruitment success. The knowledge gained from this
study will enable the identication of critical hydrodynamic conditions under which
the eggs at dierent developmental stages remain in suspension, including shear
velocities, residence time and travel lengths required for successful egg development.
17
2.3.2 State variables and scales
FluEgg includes virtual individuals (eggs) and uvial environmental and hydraulic
characteristics. Virtual eggs are characterized by the state variables: age[hour],
diameter [mm], egg density [Kg=m3], and location (x, y and z) all in [m]. The uvial
environmental and hydraulic state variables include: water temperature [°C], ow
discharge [m3=s], water depth [m], shear velocity [m=s], lateral velocity [m=s], and
vertical velocity [m=s]. The uvial environmental and hydraulic state variables are
prescribed in the model by the user with a one-dimensional discrete series of cells.
Cell dimensions are dened by the cell hydraulic width, length and water depth. Cell
length depends on the availability of data for the water body and on the complexity
of the system (see Fig. 2.1). Fluvial state variables should be obtained from eld
measurements when river discharge is high or on the rising limb of the hydrograph.
Measurements are performed at high ows because it is believed spawning occurs in
response to ow increases and uctuations in water depth (Duan et al., 2009; Peh-Lu
et al., 1964). The assumption is that uvial state variables are time independent.
This assumption will not aect the results since the period of high ows is longer
than the hatching time of Asian carps eggs. Time is represented as a succession of
discrete time steps with a constant duration.
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Figure 2.1: Conceptual schematic of variables and submodels included in FluEgg.
The stream is discretized in FluEgg as series of prescribed cells. Cell dimensions are
dened by the cell hydraulic width, length (x) and water depth (h). Cells are char-
acterized by uvial environmental and hydraulic state variables: water temperature
(T ), ow discharge (red arrow indicating the direction of the ow), shear velocity,
streamwise velocity (u) (blue logarithmic plane, u is constant in x and y directions,
but varies with z), vertical velocity (w), and lateral velocity (v). The input spawn-
ing event characteristics include: spawning location (x; y; z), egg diameter (D), and
density of the eggs (Egg). FluEgg accounts for turbulence (blue circular arrows)
through the eddy horizontal diusion (KH), and the eddy vertical diusion (Kv)
(green plane, represented by a parabolic-constant prole, Kv is constant in x and y
directions but varies with z). Linear arrows indicate the direction of the correspond-
ing variable. The movement of each egg is independent of each other (red and green
dashed lines). 19
2.3.3 Process overview and scheduling
The processes included in FluEgg are spawning, buoyancy, growth, and movement of
eggs (advective and diusive). When spawning occurs, virtual eggs are released at a
specic user-dened location (x,y,z). Using the buoyancy scheme, initial fall velocity
of the eggs is calculated (see section 2.3.7). Once released, the eggs are transported
in discrete time steps. Egg transport can be described as a series of consecutive
independent jumps. The transport consist of an advective-diusive movement. Egg
movements are scheduled based on the egg ow velocity and on the uvial state
variables of the cell where each egg is located. The position of the eggs caused by
advection is solved in a deterministic way by using an Eulerian forward solution
for time stepping. The displacement of the eggs caused by turbulent diusion is
simulated using a random component. After every jump, the eggs growth stage, egg
fall velocity, and position are updated. The scheduling of these processes is depicted
in Fig. 2.1.
2.3.4 Design concepts
Each virtual egg is capable of sensing environmental state variables of the cell in
which it is located. The advective movement of each egg is solved deterministically.
The longitudinal, lateral and vertical turbulent diusion transport components are
simulated stochastically. Therefore, the motion of each virtual egg is unique and
independent from each other. The three-dimensional location of each egg is recorded
at every time step. For model testing, egg spatial and temporal distributions are
observed. Due to the hypothesis that egg suspension is required for successful re-
cruitment, vertical egg concentration distribution is very important. The model can
be tested by comparing eld or experimental egg concentration distributions with
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simulated egg concentration distributions.
2.3.5 Initialization
FluEgg is initialized by one spawning event. Virtual eggs are released according to the
spawning event characteristics dened by the user. Spawning event characteristics
include: number of eggs, spawning location (x,y,z), eggs diameter, and density of the
eggs. The uvial environmental and hydraulic state variables correspond to the cell
where spawning occurs.
2.3.6 Input
The input variables (Fig. 2.1) include: number of cells, cell lengths, water tempera-
ture, ow discharge, water depth, shear velocity, streamwise velocity, vertical velocity,
lateral velocity, spawning location, number of eggs in spawning event, eggs diameter,
and density of the eggs. Additionally, the user selects the eggs growth function, the
eddy diusivity function, and the streamwise velocity distribution. The cells width
is characterized by the hydraulic width which is calculated internally by the model
using the ow discharge, water depth, and the streamwise velocity.
2.3.7 Submodels
Spawning
The user species the characteristics of the spawning event. Spawning starts at
the beginning of the simulation when virtual eggs are released at a location (x,y,z)
specied by the user. The initial number of eggs released in the spawning event is an
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important variable to determine the statistical relevance of the results. The default
spawning location is set to x=0 m, at the middle of the cross-section, and at the
water surface.
Buoyancy
Egg buoyancy is a fundamental property that aects the egg vertical position in the
water column. This property dictates whether a particle will tend to sink or not.
Buoyancy is calculated using the iterative equation for terminal fall velocity for a
spherical particle in a quiescent uid (Garcia, 2008). The egg terminal fall velocity
depends on water density, egg age, egg diameter, and density of the egg, and can be
estimated with the following relations:
Vs = Rf
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(2.4)
where Vs is the fall velocity of the egg at a specic post-spawning time [L=T ],
CD = f (Rp) is the drag coecient of the egg [dimensionless], Rp is the egg Reynolds
number [dimensionless], D is the egg diameter [L], egg is the egg density [M=L
3], 
is the water density [M=L3],  is the kinematic viscosity of water [L2=T ].  and 
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are functions of the water temperature.
Post fertilization (all eggs are assumed to be fertilized in the model), eggs develop
over time while drifting through the stream (See Growth model - section 2.7.5).
Therefore, D, egg, and Vs are time-dependent variables.
Movement of Eggs
The movement submodel simulates advection and turbulent diusion in the longitudi-
nal, lateral and vertical directions. Egg motion is governed by the three-dimensional
mass transport equation of Asian carp eggs. The governing equation, neglecting
sinks and sources, is described by:
@C
@t
=  u@C
@x
 v@C
@y
 w@C
@z
  @ (CVs)
@z
+KH

@2C
@x2
+
@2C
@y2

+
@
@z

KV
@C
@z

(2.5)
where C is the concentration of eggs [M=L3], u is the streamwise water velocity
(x direction) [L=T ], v is lateral water velocity (y direction) [L=T ], w is the vertical
water velocity (z direction) [L=T ], KH is the longitudinal and lateral turbulent diu-
sion [L2=T ] and is assumed to be constant, and KV is the vertical turbulent diusion
[L2=T ] and is assumed to vary in the vertical direction.
A particle tracking method is used to numerically solve the transport equation
of Asian carp eggs (Eq. 2.5). The mass of eggs is represented by discrete particles,
consequently the concentration of eggs in Eq. 2.5 is related to the number of particles
per unit volume of uid. The movement of each particle uses an advective and
dispersive step. In the limit of a large number of particles (eggs), this particle
tracking method yields an approximate solution of the advection-dispersion equation
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(Kitanidis, 1994).
The random walk (see Longitudinal and lateral movements) and random displace-
ment (see Vertical movements) methods are used to simulate the three-dimensional
position of each egg. In these methods, the position of the eggs (x,y,z) is adjusted
every time step according to the terminal fall velocity, and the velocity and diusion
elds of the cell where the egg is located (Valocchi and Quinodoz, 1989; Lett et al.,
2008; Parada et al., 2003; Peliz et al., 2007; Visser, 1997; Kinzelbach, 1988). The
vertical positions of virtual eggs are computed using the random displacement model
to account for eddy diusivity gradients (Visser, 1997; North et al., 2006).
Longitudinal and lateral movements
Longitudinal and lateral movements follow the random walk scheme (Peliz et al.,
2007; Lett et al., 2008; Valocchi and Quinodoz, 1989; Visser, 1997). Movements are
performed based on an advective and a diusive component. For an individual egg,
the change in location (x,y) every time step is given by:
X t+te = X
t
e + u4t+R
p
2KH4t (2.6)
Y t+te = Y
t
e + v4t+R
p
2KH4t (2.7)
where X t+te and Y
t+t
e are the egg (x,y) location at time t+t, X
t
e and Y
t
e are
the egg (x,y) location at time t, 4t is the time step, and R is a random draw from a
normally distributed random variable having mean zero and standard deviation one
(Valocchi and Quinodoz, 1989). Lateral and longitudinal egg velocity is assumed to
be the same as the water velocity. Velocity is calculated in the x direction (u (z))
at the vertical egg location (z) based on the law of the wall (Garcia, 2008). The
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lateral ow velocity is an input of the model. The longitudinal and lateral turbulent
diusion are assumed to be equal to (Fischer et al., 1979):
KH = 0:6hu (2.8)
where h is the water depth of the cell where the egg is located, and u is the shear
velocity in the corresponding cell. The shear velocity is a surrogate for bottom shear
stress, it can be estimated by tting the vertical velocity prole to the law of the
wall, or using the values of mean ow velocity and depth in Keulegan's equation
(Garcia, 2008).
Vertical movements
The vertical movement of the eggs is a function of the vertical velocity, the egg
terminal fall velocity (see Buoyancy - section 2.7.2), and the vertical eddy diusivity.
The vertical eddy diusivity of the eggs is related to the diusion of uid momentum
by Van Rijn (1984):
KV = T (2.9)
where T is the uid eddy viscosity [L
2=T ], and  is a factor that describes the
dierence in the diusion of a discrete egg and the diusion of a uid particle
[dimensionless].  can be described as follows (Van Rijn, 1984):
 = 1 + 2

Vs
u
2
, for 0:1 <
Vs
u
< 1 (2.10)
The FluEgg model includes three predetermined prole functions for the calcula-
tion of the uid eddy viscosity (see Table 1). Additionally, the user can use a unique
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prole estimated from a turbulent closure model (e.g., k " or k w model) as shown
by Lopez and Garcia (2001). The predetermined eddy diusivity prole functions in-
cluded in FluEgg are: constant depth-averaged (Fischer et al., 1979), parabolic, and
parabolic-constant prole (Fischer et al., 1979; Van Rijn, 1984). The constant eddy
viscosity gives a depth averaged estimate of the diusion of uid momentum. The
parabolic function is usually used to described the distribution of uid momentum
over the water depth. However, the parabolic-constant (default in FluEgg) gives
a better description of the concentration prole of suspended particles (Van Rijn,
1984).
Table 2.1: Equations included in FluEgg to estimate the uid eddy viscosity T .
Where k is the Von Karman's constant.
T Prole Equation
Constant T =
1
15
uh
Parabolic T = kuz
 
1  z
h

Parabolic-constant T =
8><>:0:25kuh for
z
h
> 0:5
kuz
 
1  z
h

for z
h
< 0:5
The egg vertical movement was implemented using the random displacement method
proposed by Visser (1997). This method accounts for vertical diusivity gradients
caused by non-constant uid eddy viscosity proles (e.g., parabolic and parabolic-
constant). The random displacement method avoids the accumulation of eggs in low
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diusivity areas. For an individual egg the change in vertical location (z) every time
step is as follows:
Zt+te = Z
t
e+w
t4t+1
2

V ts + V
t+t
s
4t+K 0V  Zte4t+R
s
2KV

Zte +
1
2
K
0
V (Z
t
e)4t

4t
(2.11)
where Zt+te is the egg vertical position at time t + t, Z
t
e is the egg vertical
position at time t, K
0
V (Z
t
e) is a non-random advective component from low to high
diusivity areas and represents the gradient of diusivity, KV
 
Zte +
1
2
K
0
V (Z
t
e)4t

is the eddy diusivity estimated at an oset distance 1
2
K
0
V (Z
t
e)4t of the initial
particle location Zte. When the vertical turbulent diusivity is constant, the random
displacement model is identical to the random walk model. Visser (1997) suggested
using a 4t . 1jK00V j , where K
00
V is the second derivative of the vertical eddy diusivity.
Boundary conditions
Reective boundaries were included in FluEgg for the surface, bottom and lateral
walls (North et al., 2006; Scotia et al., 2002). The reected boundary conditions act
in such a way that if the egg position exceeds the boundaries of the study channel,
the egg will be placed back in the model domain at a distance equal to the distance
the egg exceeded the boundary.
Growth model
After spawning and fertilization, Asian carp egg membranes absorb water and swell
in a process called water hardening. In this process, the egg diameter (D) increases
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with time while the density of the egg (Egg) decreases due to the absorbed water
(Rach et al., 2010; Chapman and Deters, 2009; Peh-Lu et al., 1964; Gonzal et al.,
1987; Chapman and George, 2011a).
Chapman and George (2011b) cultured silver (Hypophthalmichthys molitrix ) and
bighead (Hypophthalmichthys nobilis) carp. They reported post-fertilization devel-
opment time series of diameter and fall velocity of silver and bighead carp eggs. The
time series of the density of the eggs was estimated using the iterative method for
terminal fall velocity (see section 2.7.2. Buoyancy), and the density of the water
at the corresponding temperature. Chapman and George's (2011b) time series for
diameter and density of the eggs were tted to get a representative growth model of
the eggs. The time-dependent relations of the diameter of the eggs and the density
of eggs are described by regression equations 3.2 and 2.13. Internally, FluEgg repro-
duces Chapman and George (2011b) observed data at every time step. To account
for the variability seen in the laboratory data, the values of Egg (t) and D (t) are esti-
mated based on a random draw from a normally distributed random variable having
mean equal to the value of Egg (t) and D (t) calculated using equations 3.2 and 2.13,
and a standard deviation equal to the standard deviation of Egg and D observed
data from Chapman and George (2011b). Initially, Egg and D are restricted by a
maximum Egg and a minimum D corresponding to Chapman and George (2011b)
experimental data.
Egg (t) =
8><>:24:28 exp
   t
2000

+ 998:89 (R2 = 0:82) for silver carp eggs
24:81 exp
   t
17487:10

+ 998:81 (R2 = 0:84) for bighead carp eggs
(2.12)
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D (t) =
8><>:4:66
 
1  exp    t
2635:9

(R2 = 0:87) for silver carp eggs
5:82
 
1  exp    t
3506:7

(R2 = 0:85) for bighead carp eggs
(2.13)
where D is the egg diameter [mm], Egg is the density of the eggs [Kg=m3], t is the
post-fertilization time [seconds], and R2 is the coecient of determination.
2.3.8 Flume case study
The performance of the FluEgg model was tested using laboratory experiments by
Tang et al. (1989). Tang et al. (1989) performed a series of experiments with the four
species of Asian carp water-hardened eggs (silver, bighead, grass and black carp).
The authors measured biological and hydraulic characteristics of Asian carp eggs.
These characteristics included egg diameter, specic gravity, terminal fall velocity in
quiescent water, and egg vertical concentration distribution in owing water. The
transport experiments were performed in a 30 m long, 0.72 m wide ume with a
water depth of 0.6 m and a water temperature of 20. The eggs were placed in the
upstream portion of the ume and allowed to drift for a period of approximately 5
minutes. The initial volume of eggs used in this series of experiments was 750-800 ml.
The vertical concentration distribution of the drifting eggs was measured by using
a stratied egg collector sampling device consisting of a series of layers connected
to a series of rectangular nets. Eggs were removed from every layer of the sampling
device for counting. This case study focuses on grass carp (Ctenopharyngodon idella)
because the drifting behavior of its eggs was the only one that was analyzed for a
range of mean ow velocities. The velocity prole was measured 1.5 m upstream
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from the sampling device; the accuracy of the measurements is unknown because the
authors did not specify the instrumentation used. Grass carp egg vertical concentra-
tion distributions were reported for ow velocities equal to: 0.4 , 0.3 , 0.25 , 0.2, and
0.1 m=s. The authors performed three experiments per velocity level and reported the
mean egg concentration values. Egg characteristics for grass carp reported by Tang
et al. (1989) are shown in Table 2 for a range of water temperatures.
Table 2.2: Reported characteristics of grass carp eggs (Tang et al., 1989).
Characteristics Range
Water Temperature [C] 19.7-32.5
Diameter [mm] 4.1-4.3
Specic Gravity [dimensionless] 1.0015 - 1.0030
Fall Velocity [cm=s] 0.67-0.77
2.3.9 Setup for evaluation of the performance of FluEgg
In order to test the performance of FluEgg, the model was set up for the same
conditions as the ume experiments of Tang et al. (1989). The FluEgg model output
was then compared with the experimental data.
Although the model is capable of tracking the three-dimensional location of each
independent egg at every time step (see Fig. 2.2), results were analyzed in one di-
mension in terms of the egg vertical concentration distribution. Results from FluEgg
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simulations were compared with observed grass carp egg vertical concentration dis-
tributions (Tang et al., 1989) 20 m downstream of the initial placement of the eggs
where the sampling device was located. A total of 4 experiments were tested. The
base experiment corresponds to the velocity equal to 0.4 m=s. Three additional simu-
lations were performed to test the model under other hydraulic characteristics. The
additional simulations correspond to 0.3, 0.25, and 0.2 m=s mean ow velocities. The
water temperature was set to 20. The case of mean ow velocity equal to 0.1 m=s
was not tested because in this case Vs
u > 1, therefore, it is not possible to estimate 
with Eq. 2.10, and the vertical eddy diusivity of the eggs cannot be calculated.
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Figure 2.2: Evolution of egg plume at dierent time stages. The 20m ume is
shown divided in 4 sections of 5m. Shown are snapshots with egg position in
three-dimensional space. Sphere colors represent the post-spawning time at which
egg location was captured. Mass of eggs at a time t = 1 second (blue spheres),
t = 5 seconds (pink spheres), t = 9 seconds (orange spheres), t = 18 seconds (green
spheres), t = 30 seconds (red spheres), t = 42 seconds (cyan spheres). FluEgg sim-
ulation results for 80,000 eggs spawned at X=0 m. In this gure just 3,000 eggs
were displayed for illustration purposes. The post-spawning times were chosen so
the evolution of the mass of eggs can be seen in the 4 sections of the ume.
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The initial spawning location was set to x = 0, at the middle of the cross-section,
and at the water surface (it is thought Asian carp spawn at the water surface
(Lohmeyer, 2008)). Although the FluEgg model is capable of simulating the de-
velopment of the eggs as they drift in the current, Tang et al. (1989) experiments use
water-hardened eggs. Therefore, constant Egg and D were used in the model simu-
lations. The egg diameter was set equal to 4.2 mm and Egg was set equal to 999.78
Kg=m3. The input egg diameter corresponds to the average of the reported diameters
by Tang et al. (1989), and the density of the eggs was calculated by estimating the
specic gravity of the eggs corresponding to the reported fall velocity at 20 and
back-calculating the density of the eggs using the density of the water at 20. The
lateral and vertical velocities were set equal to 0 m=s.
This is the only experimental data set available in literature to assess the inuence
of hydraulic characteristics on the drifting behavior of Asian carp eggs. However,
there are some challenges in trying to reproduce this experimental set using numerical
modeling. The rst challenge is that the authors estimated the mean ow velocity
from a single cross-section of the ume, 1.5 m upstream of the egg sampling device.
Estimating the mean ow velocity of the ume in a single cross section assumes that
the ow is constant in all cross-sections of the ume. However, that is not necessarily
true. The velocity prole changes at dierent cross sections until the boundary-layer
ow reaches fully developed conditions.
The second challenge is to nd the shear velocities that correspond to the dierent
ow scenarios used in the Tang et al. (1989) experiments. Considering the limitations
of the data set, the shear velocity was estimated by integrating the mean ow velocity
distribution given by the law of the wall for smooth boundaries (Garcia, 2008), and
solving for the shear velocity so that the depth-averaged velocity is equal to the mean
ow velocity used in Tang et al. (1989). Following this procedure, it was found that
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the shear velocities corresponding to the dierent experimental cases were 0.01578,
0.01214, 0.01029, 0.00841 m=s for 0.4, 0.3, 0.25, and 0.2 m=s mean ow velocities,
respectively.
2.3.10 Application of FluEgg to the lower Sandusky River
The FluEgg model was also used to simulate the transport of silver carp eggs in the
lower portion of the Sandusky River, from below Ballville Dam (Fremont, OH) to
the conuence with Lake Erie (actually Muddy Creek Bay and Sandusky Bay). The
Sandusky river was chosen as an example application of FluEgg because there is a
particular concern regarding the potential establishment of Asian carp in Lake Erie.
This concern was raised after 20 out of 150 water samples collected from Sandusky
Bay and Sandusky River tested positive for silver carp eDNA (Ohio Department of
Natural Resources. et al., 2012).
The uvial environmental and hydraulic characteristics input to the model were
collected by USGS at approximately 1 mile transects along the Sandusky River in
September 2012 (Murphy and Jackson, 2013). Using this data, the lower reach of the
Sandusky River was discretized into 16 cells. The USGS data include but were not
limited to: ow discharge, streamwise velocity, shear velocity, water depth and water
temperatures. Water temperature aects the growth rate of Asian carp eggs and the
time to hatch. River substrate characteristics were obtained per cell as an indicator
of the roughness of the river bed (Murphy and Jackson, 2013). The roughness of the
river bed is needed to estimate the velocity prole in the streamwise, or x direction,
(u (z)) (see section 2.3.7). The river input data are described in Table 3.
For a mean discharge of approximately 28 m3=s (and a peak ow of 35.5 m3=s), the
rst three cells of the simulation reach are characterized by shallow depths (70 cm in
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average) and fast moving water (63 cm=s in average); the fourth cell is a transitional
cell that can be aected by backwater eects from the lake and can be characterized
by a streamwise velocity equal to 36 cm=s and a water depth of 1 m; and the lower part
of the simulation reach is characterized by deeper cells (4 m in average) and slow-
moving water (9 cm=s in average) (Murphy and Jackson, 2013). Murphy and Jackson
(2013) did not obtain measurements in the rst 3 cells due to safety, instrumentation,
and access concerns, and relied on information in previous studies to obtain estimates
of the hydraulic characteristics in these cells. Ballville Dam is currently (2013) the
terminal point for migratory sh and the swift, turbulent water is characteristic of
spawning grounds for Asian carp.
In this simulation, the full capabilities of the growth model described by equations
3.2 and 2.13 were used. Therefore, the diameter and the density of the eggs var-
ied with time and, consequently, the settling velocity of the eggs varied with time.
Although the mean water temperature for the lower 25 km of the Sandusky River
during the sampled time was 21.6 , indicating that silver carp eggs would hatch
about 37 hours after the spawning event (Tsuchiya, 1980), the simulation was run
for 50 hours to model the system long enough to capture egg transport dynamics in
more detail. As the parabolic-constant function was used to simulate the distribu-
tion of uid momentum, the time step requirement can be expressed as t  h
2ku .
The time step used in this simulation (5 seconds) corresponds to the minimum t
required to fulll the stability criteria established in section 2.3.7. The virtual spawn-
ing event was set at X=0 (Ballville Dam), at the middle of the cross-section and at
the water surface. The spawning event was initialized with 5,000 eggs. The number
of eggs was selected for computational eciency; however, a larger number of eggs
or an ensemble of dierent trials can be used at an additional computational cost.
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2.4 Results and discussion
2.4.1 Flume base experiment
The ume experiment was simulated using FluEgg, with an initial number of eggs
equal to 80,000 (see Appendix) and a time step equal to 1 second. A complete
description of the setup is included in section 2.3.9. The law of the wall for smooth
boundaries was used to describe the streamwise velocity distribution. The parabolic-
constant eddy diusivity function was used to simulate this case.
Eggs were released and tracked over time (Fig. 2.2). A virtual egg sampling device
was placed 20 m downstream from the spawning location. Fig. 2.2 shows snapshots
of the evolution of the mass of eggs corresponding to six times (1, 5, 9, 18, 30, 42
seconds). As shown in Fig. 2.2, the egg plume elongates as it disperses in the lon-
gitudinal, lateral and vertical directions. Once some of the eggs touch the bottom
boundary, dispersion becomes more prominent. This is mainly due to the velocity
distribution (shear); the dierence in velocities between the water surface and the
bottom of the ume forces the eggs that are on the surface to travel considerably
faster than the eggs that are near the bottom. The simulation of the base experiment
using FluEgg provides insights into the post-spawning longitudinal development of
the vertical concentration distribution of Asian carp eggs, presented in Fig. 2.3. As
the eggs drift in the current, the eggs suspension due to turbulence is constantly
competing against settling due to density of the eggs. In the case of the base exper-
iment, some of the eggs start sinking, and as they sink, the vertical concentration
of the eggs starts changing. Most of the eggs are drifting near the surface at 0:1m
downstream from the spawning location, and at 2m downstream some eggs have
reached to the bottom half of the water column; however, no eggs have touched the
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bottom yet. At 3m downstream some eggs have reached the bottom of the ume.
At 6m the normalized concentration of eggs at the bottom increases, however, the
concentration of eggs at the surface is greater than at the bottom. At 10m the con-
centration of eggs at the surface is approximately the same as at the bottom, and
at 20m (where the egg sampling device was placed) the concentration of eggs at the
bottom is slightly greater than at the surface.
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Figure 2.3: Change in egg vertical concentration distribution at dierent downstream
distances from spawning location. Single simulation with 80,000 virtual eggs and a
mean ow velocity of 0.4 m=s.
The temporal evolution of the centroid (x; y; z) and the variance of the location of
eggs can be clearly seen in Fig. 2.4. For this scenario, eggs were allowed to drift be-
yond the sampling device placed 20m downstream from the spawning location (cor-
responding to approximately 49 seconds post-spawning), and the spatial-temporal
drifting behavior of the eggs could be explored.
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Figure 2.4: Egg mass spatial mean and spatial variance derived from a single simu-
lation of 80,000 virtual eggs at a mean ow velocity of 0.4 m=s and a corresponding
shear velocity of 0.016 m=s. Egg mass spatial mean in the x, y and z direction (in
blue-A1, A2, and A3); and egg mass spatial variance in x, y and z direction (in
red-B1, B2, and B3). Egg mass spatial mean in the y (A2) and z directions (A3) are
normalized by the ume width (W) and the water depth (h).
The x spatial mean (x) of the mass of eggs increases with time as the eggs drift
through the water current (Fig. 2.4A1). The longitudinal movement of the mass
of eggs is proportional to the mean streamwise velocity. The y spatial mean (y)
of the mass of eggs remains approximately constant due to the eect of the lateral
boundaries of the ume (Fig. 2.4A2). Eggs were placed initially at the surface of
the ume. After the model was initialized, eggs started sinking due to their density
(slightly greater than water). Therefore, the z spatial mean (z) of the mass of eggs
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decreased with time until a point at which there is a stable vertical distribution of eggs
throughout the water column (Fig. 2.4A3). At this point z became approximately
constant.
The spatial variance of the mass of eggs indicates how the cloud of eggs stretches
in the three dimensions due to dispersion eects. The x spatial variance increases
mildly approximately for the rst 30 seconds, corresponding to the time at which the
vertical coordinate of the centroid of the mass of eggs is in the middle of the ume
(Fig. 2.2, see red spheres). As the centroid is in the middle of the water column,
the eggs are distributed through the water column and are highly inuenced by
velocity gradients (Fig. 2.4B1). The x spatial variance (dispersion) starts increasing
at a higher rate due to changes in the vertical velocity distribution. The y spatial
variance increases rapidly, and then it remains approximately constant because the
lateral dispersion of the eggs is restricted by the lateral walls of the ume (Fig.
2.4B2). The z spatial variance increases rapidly until it reaches a maximum variance
(approximately 40 seconds post-spawning) (Fig. 2.4B3). The maximum variance
corresponds to the time at which the vertical coordinate of the centroid has passed
the middle of the water column and most of the eggs are in the bottom half of the
water column. After the z spatial variance is at its maximum, the variance starts to
decrease due to the eect of the bottom boundary until it reaches an approximately
constant variance.
2.4.2 Evaluation of FluEgg performance
Comparison of modeled and observed (Tang et al., 1989) egg vertical concentration
distributions for grass carp demonstrates the ability of the FluEgg model to capture
the drifting patterns of grass carp eggs (Fig. 2.5). In addition to the base experi-
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ment case (0.4 m=s), the FluEgg model was used to simulate the transport of grass
carp eggs at mean water velocities of 0.3 , 0.25, and 0.2 m=s. Simulation results from
were analyzed in terms of egg vertical concentration distribution with the goal of
comparing with those reported by Tang et al. (1989). There is a slight bias between
simulated and observed egg vertical concentration distributions with the model pre-
dicting slightly higher egg concentrations, primarily in the lower half of the water
column. The bias becomes more prominent at lower velocities. A possible source
of the bias is the lack of information or uncertainty over the prescribed streamwise
and shear velocity along the ume, which was assumed to be constant through the
extent of the ume.
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Figure 2.5: Egg vertical concentration distribution for a single simulation with 80,000
virtual eggs. Comparison of egg vertical concentration distribution in a uniform ow
simulated by FluEgg (solid black line) and observed measurements of Tang et al.
(1989) (red dashed line). Egg vertical concentration distribution for 0.4 m=s mean
velocity and Vs
u =0.42 (A), 0.3
m=s mean velocity and Vs
u =0.55 (B), 0.25
m=s mean
velocity and Vs
u =0.65 (C), 0.2
m=s mean velocity and Vs
u =0.8 (D).
As mentioned in section 2.3.9, the velocity prole develops at dierent cross-
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sections downstream of the ume. At higher velocities, the turbulence facilitates
the fast development of the ow. However, for slow velocities and low turbulence
levels, the development of the velocity prole will take longer. Tang et al. (1989),
measured the mean ow velocity at a single cross-section near the sampling device.
Although there is a possibility that the mean ow velocity remained constant along
the ume, the velocity prole probably changed, and therefore, the shear velocity
changed as well as the ow was developing. This explains the higher agreement
between the observed and simulated data at higher velocities.
The performance of FluEgg was evaluated using the best data set available from
laboratory experiments using Asian carp eggs. Although there was a bias between
simulated and observed data, Fig. 2.5 shows that there is a good agreement between
FluEgg simulation results and the observed data from Tang et al. (1989).
2.4.3 Results from the simulation of the lower Sandusky River
Simulation of the transport of Asian carp eggs in the lower Sandusky River during
a moderate high ow event using the FluEgg model demonstrates the processes
of advection and dispersion, the eect of decelerating velocities on suspension of
individual eggs and the vertical position of the centroid of the egg mass, and the
identication of potential settling zones within the simulated reach. Downstream of
the virtual spawning site near Ballville Dam, the egg mass travels quickly and eggs
become distributed in the water column within the shallow, high-velocity rst ve
cells (Fig. 2.6).
Within these rst ve cells, the position of the centroid of the egg mass within
the water column transitions from the surface (at the spawning site) to uniformly
distributed in the rst cell (normalized height above bottom of 0.5 or 50% of the
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depth) to skewed to the lower half of the water column by the time the mass reaches
cell 5 (30% of the depth) (Fig. 2.7). As the egg mass reaches cell 5, the water velocity
decreases and the depth increases as the river responds to backwater from Lake Erie.
In response, egg transport is slowed considerably, as visualized in Fig. 2.6 by the
decreasing distance between 5-hour snapshots of the egg mass, and the position of
the centroid of the egg mass falls to a normalized height above bottom of 20% of the
water depth (Fig. 2.7). This trend continues through cell 9. In cell 10, the velocity
of the river drops considerably once again (Table 3) and the river begins to pulsate
in response to lake seiche activity. The sudden decrease in velocity causes a further
decrease in the 5-hour transport distance of the egg mass (Fig. 2.6) and a sharp drop
in the centroid of the egg mass in the water column to just above 10% of the water
column depth (Fig. 2.7). The close proximity of the centroid of the egg mass to the
bottom of the river in cell 11 indicates that settlement of the eggs is occurring. The
risk of egg mortality increases as the vertical centroid of the location of the eggs gets
closer to the river bed. The simulation was ended at 50 hours, when the centroid of
the egg mass was located approximately 17 km downstream of the spawning location
(cell 11).
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Figure 2.6: Evolution of a mass of 5,000 silver carp eggs in the lower Sandusky
River. The y-axis indicates the vertical location of the eggs, and the x-axis indicates
the distance downstream from Ballville dam (virtual spawning location). The y-axis
equal to zero corresponds to the water surface. The solid black line, shown as an step
function, indicates the discretized river bed, every step corresponds to a dierent cell
of the simulation reach.
Results from the model show that the primary settling zone occurs within and
downstream of cell 10 (starting at about 15 km downstream of Ballville Dam). At
a water temperature of 21.6 degrees Celsius, the start of this settling zone approxi-
mately coincides with the location of the egg mass at the time when hatching would
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Table 2.3: Sandusky River input data
Cell Cumulative Depth Q Velocity Shear Temperature
number distance [km] [m]

m3=s

magnitude [m=s] velocity [m=s] [C]
1 0.64 0.60 32.94 0.80 0.141 20.80
2 2.35 0.70 32.94 0.63 0.061 20.80
3 3.42 0.80 32.94 0.46 0.040 20.80
4 5.64 1.00 32.94 0.36 0.030 20.80
5 6.50 1.37 30.35 0.17 0.014 20.80
6 8.13 3.20 32.94 0.16 0.015 21.30
7 10.03 3.87 32.30 0.13 0.015 21.50
8 11.94 4.45 35.45 0.17 0.014 22.40
9 13.60 3.49 33.67 0.16 0.014 22.50
10 15.44 4.84 24.20 0.10 0.017 22.60
11 17.02 3.76 12.00 0.03 0.005 22.90
12 18.59 3.96 17.08 0.07 0.004 19.90
13 20.44 4.23 15.55 0.04 0.006 21.50
14 22.27 4.74 -11.08 0.01 0.002 22.00
15 24.07 5.60 3.57 0.01 0.003 22.40
16 25.34 4.99 -47.20 0.11 0.007 22.50
occur. Therefore, this preliminary assessment of the Sandusky River based on the
FluEgg model shows that there is a probability that silver carp eggs might set-
tle before hatching under these hydraulic and environmental conditions (Fig. 2.7).
However, in September the water temperature is low enough to require longer hatch-
ing time. A similar magnitude ood event at higher temperatures typical of summer
conditions (24 degrees Celsius; Kocovsky et al., 2012) will allow the eggs to develop
faster and silver carp eggs spawned just downstream of Ballville Dam in the San-
dusky River could potentially hatch before settling (Fig. 2.7). This result agrees
with the assessment of egg transport in the lower Sandusky River based on eld
data by Murphy and Jackson (2013) which found that water-hardened Asian carp
eggs would begin settling to the bottom of the river about 14.5 km downstream of
Ballville Dam and hatching could occur prior to settlement if water temperatures
were higher than 24 degrees Celsius.
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Figure 2.7: Normalized vertical position
 
z
h

of the centroid of the egg mass as a
function of the streamwise position of the centroid downstream of Ballville Dam (x) :
The y-axis is normalized by the ow depth. The solid red line indicates the mean
vertical location of the eggs (centroid) calculated from simulations at an averaged
water temperature of 21.6, and the solid blue line indicates the mean vertical
location of the eggs (centroid) calculated from simulations results using an averaged
temperature of 24. Gray shading represents river cells, and hatching location at
21.6 and 24 is illustrated with a dashed black lines.
45
2.5 Conclusion
In this chapter, the importance of the transport of eggs and sh in the early stages of
development in life history and recruitment success of Asian carp was discussed. A
better understanding of the transport and dispersal patterns of Asian carp at early
life stages might give insight into the development and implementation of control
strategies for Asian carp.
The FluEgg model was developed to evaluate the inuence of ow velocity, shear
dispersion and turbulent diusion on the transport and dispersal patterns of Asian
carp eggs. FluEgg output includes the three-dimensional location of the eggs at
each time step together with its growth stage. The output results can be used
to estimate lateral, longitudinal or vertical egg distribution. In addition, it can
be used to generate an egg breakthrough curve (egg concentration as a function
of time) at a certain downstream location from the virtual spawning location. Egg
breakthrough curves are important for understanding egg dispersion and travel times.
Egg vertical concentration distribution might give insights into egg suspension and
settlement. Egg longitudinal concentration distributions can be used to estimate the
streamwise and shear velocity, and minimum river length required for successful egg
development. Egg lateral distributions give information about dead zones, provided
the input hydraulic data for the model is suciently well described. The location of
suitable spawning grounds can be predicted based on the egg growth stage and on
the vertical, lateral or longitudinal egg concentration distributions. In a step beyond
Deters et al. (2012), the estimation of the location of spawning grounds can be more
accurately determined using more highly resolved hydraulic data and the FluEgg
modeling tool.
The FluEgg model has the capability to predict the drifting behavior of eggs based
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on the physical properties of the eggs and the environmental and hydrodynamic char-
acteristics of the stream where the eggs are drifting. The performance of the model
was evaluated using the results from the experiments performed by Tang et al. (1989).
The simulation results of grass carp eggs at dierent ow velocities are in agreement
with the vertical concentration distributions reported by Tang et al. (1989). The sim-
ulation of the Sandusky River shows an application of FluEgg that provides insights
about: i) the evolution of the egg mass as it advects downstream from a spawning
site at Ballville Dam, ii) the relationship between distance traveled downstream prior
to hatching and locations of potential settling zones, iii) the likelihood of successful
suspension of Asian carp eggs until hatching in the Lower Sandusky River for typical
summertime water temperatures. Consistent with the conclusions of Murphy and
Jackson (2013), FluEgg predicts that successful transport of Asian carp eggs to the
point of hatching is possible in the lower Sandusky River under observed conditions.
FluEgg is a useful tool to improve the understanding on drifting behavior of Asian
carp at early life stages. Scientists, managers and stakeholders might benet from us-
ing this tool because it would enable them to make informed decisions for controlling
Asian carp.
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CHAPTER 3
APPLICATION OF THE FLUEGG MODEL TO
PREDICT TRANSPORT OF ASIAN CARP
EGGS IN THE SAINT JOSEPH RIVER (GREAT
LAKES TRIBUTARY).
The Fluvial Egg Drift Simulator (FluEgg) is a three-dimensional Lagrangian model
that simulates the movement and development of Asian carp eggs until hatching
based on the physical characteristics of the ow eld and the physical and biological
characteristics of the eggs. This tool provides information concerning egg devel-
opment and spawning habitat suitability including: egg plume location, egg vertical
and travel time distribution, and egg-hatching risk. A case study of the simulation of
Asian carp eggs in the Lower Saint Joseph River, a tributary of Lake Michigan, is pre-
sented. The river hydrodynamic input for FluEgg was generated in two waysusing
ADCP data and using HEC-RAS model data. The HEC-RAS model hydrodynamic
input data were used to simulate 52 scenarios covering a broad range of ows and
water temperatures with the eggs at risk of hatching ranging from zero to 93 percent
depending on river conditions. FluEgg simulations depict the highest percentage of
eggs at risk of hatching occurs at the lowest discharge and at peak water tempera-
tures. Analysis of these scenarios illustrates how the interactive relation among river
length, hydrodynamics, and water temperature inuence egg transport and hatching
risk. An enhanced version of FluEgg, which more accurately simulates dispersion
and egg development, is presented. We also present a graphical user interface that
facilitates the use of FluEgg and provides a set of post-processing analysis tools to
support management decision making regarding the prevention and control of Asian
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carp reproduction in rivers with or without Asian carp populations.
3.1 Introduction
Asian carp (primarily silver carp (Hypophthalmichthys molitrix ) and bighead carp
(Hypophthalmichthys nobilis)) continue to cause ecological and economic damage
throughout the Mississippi River Basin. It is feared they could enter and establish
a population in the Great Lakes Basin. To prevent Asian carp from establishing
a breeding population, it is important to identify tributaries that are suitable to
support Asian carp reproduction and potential recruitment. The number of suitable
spawning tributaries is one of the important factors in predicting the probability of
Asian carp establishment in the Great Lakes (Cuddington et al., 2013). The num-
ber of suitable spawning tributaries aects the probability of sh nding both mates
and a tributary with sucient turbulence and water temperature to support success-
ful recruitment (Cuddington et al., 2013). Previous studies have identied suitable
spawning rivers with a rst-order assessment based on estimated river temperature
and velocity, and undammed river length (Kolar et al., 2007; Kocovsky et al., 2012).
Murphy and Jackson (2013) evaluated the shear velocity (an indicator of turbulence)
and the eggs' settling velocity and travel times to assess the potential of Asian carp
spawning and successful recruitment in four tributaries of the Great Lakes (Milwau-
kee, Saint Joseph, Maumee, and Sandusky Rivers). However, more accurate analyses
of tributaries suitable for spawning and successful recruitment should be based on
predictions made from a holistic assessment incorporating river hydrodynamics, wa-
ter temperature, and egg development dynamics (Garcia et al., 2013).
The transport of eggs and sh in early life stages is considered an important factor
in the life history and recruitment success of many species (Hinckley et al., 1996;
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Parada et al., 2003). Therefore, predicting the transport and dispersal patterns of
Asian carp eggs is imperative for assessing Asian carp reproduction and potential
recruitment. For example, understanding the transport of Asian carp eggs is critical
to predict whether Asian carp can recruit in tributaries of Great Lakes. In addition,
egg-drifting dynamics contribute valuable information for use in streams where these
species are well established (e.g., Mississippi River Basin) that can aid development
of management and control strategies targeting Asian carp in early life stages.
A three-dimensional Lagrangian numerical model, FluEgg (Fluvial Egg Drift Sim-
ulator), was developed by Garcia et al. (2013) (Chapter 2) to simulate the transport
dynamics of Asian carp eggs. The FluEgg model is written in the MATLAB® pro-
gramming language (Mathworks, Natick, MA, USA). FluEgg is an assessment tool
capable of evaluating the inuence of ow velocity, shear velocity, and turbulent
diusion on the transport and dispersal patterns of Asian carp eggs. The model in-
corporates information about Asian carp egg development and river hydrodynamics
to provide insights regarding: (i) the likelihood of a river to be suitable for spawn-
ing, (ii) the potential of a river to transport Asian carp eggs in suspension until
hatching, and (iii) the identication of the location of Asian carp eggs at dierent
developmental stages. This information is valuable to the development of prevention,
management, and control strategies before the eggs hatch and develop the ability to
swim. For instance, the generally held belief that Asian carp eggs must be in suspen-
sion in order to hatch can be used together with FluEgg simulation results to create
control strategies at a specic life stage (Peh-Lu et al., 1964; Jennings, 1988; Schrank
et al., 2001; Kolar et al., 2007; Aitkin et al., 2008; Chapman and Deters, 2009; Rach
et al., 2010; Yi et al., 2010). FluEgg is a useful tool for scientists, managers, and
stakeholders both to improve their understanding on drifting behavior of Asian carp
in early life stages and to improve their decision making processes for controlling
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Asian carp in early life stages.
Prior to developing the graphical user interface, the process of setting up the
model required the user to specify dierent options and input parameters at dierent
locations in the MATLAB® code. This process was not only time-consuming, but
could also lead to input errors and inaccurate results. The use of FluEgg not only
required the user to have a basic knowledge of programing, but also a MATLAB®
license, which limited the usage of FluEgg.
The rst objective of this study was to develop aMATLAB®-based graphical user
interface (GUI) and a free executable version of FluEgg to make the user's interaction
with the model simple, fast, and ecient. In this way, users from dierent disciplines
and dierent backgrounds will not only be able to simulate various scenarios, but
also make informed decisions based on model results. The user interface also includes
a set of post-processing tools that allows the user to visualize and perform analysis
on the output of FluEgg simulations.
An additional outcome of this study is an enhanced version of the FluEgg model.
This enhanced version of FluEgg includes four new features: (i) the eect of ambient
water temperature on the density of the eggs, (ii) the estimation of egg hatching time,
(iii) the calculation of the river's bed composite roughness, and (iv) the inclusion of
variations in the streamwise velocity along the transverse direction thereby allowing
a more accurate representation of shear dispersion caused by the river banks.
Our nal objective was to use the enhanced FluEgg model to simulate the trans-
port and dispersion of Silver carp eggs in the Lower Saint Joseph River, a Great
Lakes tributary identied by Murphy and Jackson (2013) as potentially at risk for
Asian carp spawning and recruitment. Two approaches to input the river hydraulic
data into FluEgg were explored: one uses observed ADCP data collected by the
U.S. Geological Survey (USGS), and the other uses simulated hydraulic data from
52
a 1-D HEC-RAS model. Finally, this article addresses the interplay between water
temperature and the physical characteristics of the river and its ow eld over the
egg's dispersion and in particular over the egg-hatching risk.
3.2 Software overview
The FluEgg model (Garcia et al., 2013) was developed primarily as a tributary as-
sessment tool to study the transport and dispersal patterns of Asian carp eggs in
tributaries of the Great Lakes. However, this model can be used to simulate the
transport of Asian carp eggs in other water bodies, including those with established
Asian carp populations. FluEgg is a three-dimensional Lagrangian model that uses:
(i) the biological characteristics of the eggs, such as growth rate and changes in egg
density, (ii) the hydrodynamic characteristics of the ow, and (iii) the water tempera-
ture to simulate the turbulent diusion phenomena that contribute to egg movement.
Water temperature is an important parameter due to the role it plays in both egg
development (Chapman and George, 2011a; George and Chapman, 2013) and egg
buoyancy. In FluEgg the river is discretized into a series of cells and the egg mass
is simulated as discrete particles. The model predicts the advective, deterministic
component and the diusive, stochastic component of individual eggs movements in
the streamwise (x), transverse (y) and vertical direction (z) at every time step. The
main limitations of FluEgg are (i) the assumption of steady-state and homogeneous
hydrodynamic characteristics within a river cell, (ii) the absence of egg traps in dams
and hydraulic structures, and (iii) the lack of a mortality model (i.e. the assumption
that all eggs near the bottom will perish and eggs in suspension will hatch). A com-
plete description of the FluEgg model was presented by Garcia et al. (2013) (Chapter
2); users can refer to this paper for detailed information on both the mathematical
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model and the performance of the model.
The remainder of this section discusses the four new features of the enhanced
FluEgg model: changes in the density of the eggs due to the inuence of ambient
water temperature, the estimation of egg hatching time, the internal calculation
of the river bed composite roughness, and changes in streamwise velocity in the
transverse direction.
3.2.1 Eect of ambient water temperature on the density of the eggs
This feature improves upon how the density of the eggs under dierent ambient water
temperatures is simulated in FluEgg. In the previous version of the model (Chapter
2), the density of the eggs was assumed to be constant at dierent temperatures. In
reality, changes in the density of the eggs with respect to ambient water temperature
are expected. These changes occur both because the egg membrane absorbs water at
a dierent temperature during the water hardening process, and because there are
changes in temperature gradient between ambient water and water contained inside
the egg.
There are no detailed experiments that show how the density of the eggs changes
with temperature. However, the experimental data from Tang et al. (1989) on water-
hardened eggs include values for specic gravity of the four species of Asian carp for
a range of temperatures (18.5 to 32.5). A generic function relating the density
of the eggs as a function of ambient temperature is obtained from these data.
t;TEgg = 
t;Tref
Eggref
+  (Tref   T )
 
R2 = 0:82

(3.1)
where t;TEgg is the density of the eggs

kg
m3

at both developmental stage t [sec] and
ambient water temperature T [],  = 0:20646 is a correction factor for temperature
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adjustment, 
t;Tref
Eggref
is the density of the eggs

kg
m3

at developmental stage t measured
at a reference temperature Tref [], and R2 is the coecient of determination.
There is uncertainty in this function. First, because this empirical equation is
based on water-hardened eggs, it does not take into account the process in which eggs
absorb ambient water lling the perivitelline space (space between the egg membrane
and the embryo, where water is stored) (Tsuchiya, 1980; Sundby, 1997; Chapman
and Deters, 2009; Deters et al., 2012). Second, as this is a generic and species-
independent function, it does not take into account dierences in the volume of the
perivitelline space among dierent species (Kjesbu et al., 1992). For example for
some species like ounder, which have a very small perivitelline space, the density of
the eggs will barely change, however, for some other species the density of the eggs
is expected to change considerably.
FluEgg uses the time-dependent relations of the density of the eggs at a reference
temperature Tref equal to 22  (see equation 3.2). These time-dependent relations
were found by tting experimental data by Chapman and George (2011b) on cultured
silver (Hypophthalmichthys molitrix ) and bighead (Hypophthalmichthys nobilis) carp
and then correcting to the reference temperature.
Egg (t) =
8><>:24:98 exp
   t
1570:1

+ 999:5 (R2 = 0:99) for silver carp eggs
23:12 exp
   t
2164:9

+ 999:2 (R2 = 0:99) for bighead carp eggs
(3.2)
where t is the post-fertilization time [s], and R2 is the coecient of determination.
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3.2.2 Egg hatching time
Hatching time is an important parameter in the evaluation of egg development and
potential recruitment success. Chapman and George (2011) showed with experimen-
tal data that small changes in water temperature (2-3) can result in considerable
changes in hatching time. In the new version of FluEgg, the approximate hatching
time is calculated based on the temperature averaged over all the cells. FluEgg uses
an empirical function derived from the compilation completed by Murphy and Jack-
son (2013) on hatching times as a function of temperature. For a given species the
hatching time is calculated based on the temperature averaged over all the cells as
follows:
TH (Tavg) =
8><>:(1:2087 10
7) T 4:2664avg + 10:242 (R
2 = 0:96) for silver carp eggs
35703T 2:223avg (R
2 = 0:93) for bighead carp eggs
(3.3)
where TH is the hatching time [hours], Tavg is the temperature averaged over all
the cells [], and R2 is the coecient of determination.
3.2.3 River's bed composite roughness
In the enhanced version of the FluEgg model, the characterization of the bed sub-
strate is no longer a user-input variable, rather it is estimated based on the river
hydrodynamics. In this way, the river bed is characterized as a composite rough-
ness. The composite roughness includes more features that contribute to the river's
roughness in addition to the local roughness caused by the size of the sediment in the
river substrate. The composite roughness is an important variable because it directly
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aects the magnitude of the shear velocity. As the shear velocity is a measure of the
turbulence intensity it also directly aects the transport and dispersion of the eggs.
The composite roughness height (kc) is calculated using Keulegan's law, which is the
integrated version of the log-law over the water column Garcia (2008):
kc =
11h
exp

uk
u
 (3.4)
were h is the water depth of the cell where the egg is located [m], u is the streamwise
water velocity (x direction) [m=s], and u is the shear velocity [m=s] in the corresponding
cell.
3.2.4 Streamwise velocity variation along the transverse direction
The estimation of the variability of streamwise velocity along the transverse direction
is an important feature that improves the discretization of the transverse velocity
component of the streamwise velocity and predicted shear dispersion. The previous
version of the FluEgg model treated the streamwise velocity in the transverse direc-
tion as a constant. However, the banks of the river (lateral walls) aect the transverse
velocity distribution with the velocity tending toward zero at the banks. As a result,
the previous version of the model underestimated the streamwise dispersion of the
eggs.
The enhanced version of the FluEgg model more accurately estimates the stream-
wise velocity in the lateral direction by using the lateral velocity prole proposed by
Seo and Baek (2004). The velocity prole is calculated based on a beta probability
density function. This function represents, in a more accurate way, the character-
istics of the streamwise velocity in the transverse direction in natural streams. A
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general form of the transverse velocity distribution using the beta probability den-
sity function is described as follows (Seo and Baek, 2004):
u (y0) = U
  ( + )
  ()   ()
(y0) 1 (1  y0)  1; 0 < y0 > 1 (3.5)
where u (y0) is the streamwise water velocity [m=s], y0 = y
W
[unitless], y is the lat-
eral coordinate measured from right bank of the stream [m], U is the cross-sectional
mean velocity [m=s],  and  are parameters describing the shape of the distribu-
tion function estimated from hydraulic data [unitless], W is the stream width [m].
Parameters  and  can be estimated by regression analysis using the transverse
velocity distribution of the river. For the convenience of the user, the model uses
as default values  = 1:9 and  = 1:8 , which corresponds to the average values
computed from eight river data sets provided by Seo and Baek (2004).
By including the lateral velocity prole, the FluEgg model more accurately simu-
lates the streamwise dispersion of the eggs resulting from the shear induced by the
river banks. The more accurate streamwise dispersion allows for a better represen-
tation of the trailing edge of the drifting eggs' distribution curve.
3.3 A GUI for the Fluvial Egg Drift Simulator (FluEgg)
Upon opening FluEgg, the main user interface window will appear (Figure 3.1).
This window guides the user through the dierent steps required to setup and run
the model and analyze the results. The main GUI consists of four input panels:
River input data, spawning event, eggs characteristics, and simulation setup. The
input parameters must be provided in metric units. After the user inputs the required
data and runs the model, he or she can visualize the results using the post-processing
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tools linked through the "Analyze results" push-button. The gures in this section
illustrate the input data used to simulate egg development and transport on the Saint
Joseph River and to produce the results discussed in Section 3.4.
As discussed above, FluEgg and its GUI were coded in MATLAB®. Executable
versions and installation instructions for 32 and 64 bit Windows platforms are freely
available from <http://asiancarp.illinois.edu/FluEgg.html>.
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Figure 3.1: FluEgg main graphical user interface. Input parameters shown in this
window correspond to those of the Lower Saint Joseph river simulation. User is
guided through a series of steps to setup and run the model. Four main input panels
are embedded in the main GUI: (1) River input data, (2) spawning event, (3) egg
characteristics, and (4) simulation setup. Two options are available to input the egg
characteristics: Using constant egg diameter and density (A) or using diameter and
egg density time series Chapman and George (2011b) (B). View of the FluEgg main
graphical user interface after the model has been setup and the simulation run (B).
Two new push-buttons are enabled: "New simulation" and "Analyze results".
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3.3.1 River input data
In the "River input data" panel, the user species the river hydrodynamic and en-
vironmental characteristics discretized by cells or reaches. River characteristics are
entered into the River input le sub-interface (Figure 3.2). Users are allowed to
input the river characteristics directly into the table embedded in the GUI, or by
loading an input le. The supported formats include: Microsoft Excel® (*.xls),
comma-separated values (*.csv), and text (*.txt). The input river parameters are:
cell number [unitless], cumulative distance [km] (most upstream point is generally
considered 0 km), water depth [m], discharge
h
m3
s
i
, velocity magnitude

m
s

, vertical
velocity

m
s

, lateral velocity

m
s

, shear velocity

m
s

, and water temperature [].
For convenience, plots of the river input parameters are provided in the right-hand
side of the sub-interface. If the user creates or modies the river input table in the
GUI, the user has the option of saving it for later use.
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Figure 3.2: View of the FluEgg River input le graphical user sub-interface.
River Input parameters include: cell number (Cell) [unitless], cumulative dis-
tance (CumlDistance_km) [km] (most upstream point is generally considered 0
km), water depth (Depth_m)[m], discharge (Q_cms)
h
m3
s
i
, streamwise velocity
(V mag_mps)

m
s

, lateral velocity (V y_mps)

m
s

, vertical velocity (V z_mps)

m
s

,
shear velocity (Ustar_mps)

m
s

, and water temperature (Temp_C) [].
Once the river input data are loaded, the user is required to specify the vertical
eddy diusivity function that describes the vertical diusion of uid momentum.
The default option is the parabolic-constant eddy diusivity function. The user
selects this function from a drop-down menu that displays the three predetermined
prole functions for the calculation of the uid eddy viscosity as stated by Garcia
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et al. (2013): parabolic-constant turbulent diusivity, constant turbulent diusivity,
and parabolic turbulent diusivity. Finally, the user selects the method to calculate
changes in the streamwise velocity in the vertical direction. The user can choose from
two methods: log-law rough bottom boundary (for rivers; default in FluEgg) or log-
law smooth bottom boundary (for umes). After the river input le is loaded, a panel
containing a summary of the river geometry is enabled (Figure 3.1). This summary
contains the minimum and maximum cumulative distance along the simulation reach,
water depth, and width. This information is displayed to help the user select a
location of spawning.
3.3.2 Spawning event
The input parameters required in the "Spawning event" panel include the number of
eggs to be released in the spawning event and the three-dimensional virtual spawning
location (Xi,Yi,Zi) (Figure 3.1). The default spawning location is set to the most
upstream point (Xi = 0 m), at the middle of the cross-section
 
Yi =
W
2
m

, and at
the water surface (Zi = 0 m).
3.3.3 Egg characteristics
The characteristics of the egg are described in the FluEgg model in terms of diameter
and density. In the "Egg characteristics" panel (Figure 3.1), the user can choose the
desired method to describe the egg characteristics from a drop-down menu. Two
options are available: (i) constant egg diameter and density (Figure 3.1A) and (ii)
time-dependent relation following the experimental data from Chapman and George
(2011b) as described by Garcia et al. (2013) (Figure 3.1B). The user must specify the
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diameter of the eggs, the density of eggs, and the temperature at which the density
of the eggs was measured if the constant method is used (Figure 3.1A). Whether the
user chooses to treat the eggs' characteristics as constant or as a function of time, he
or she is required to select the desired species to simulate. The user can select from a
radio button: silver carp or bighead carp. The selection of the species is required for
two purposes: (i) to estimate the hatching time (see section 3.2) and (ii) to calculate
the changes over time of the diameter and density of eggs based on the time series
proposed by Chapman and George (2011b).
3.3.4 Simulation setup
In the "Simulation setup" panel (Figure 3.1), the user species the simulation time
and the time step. These parameters determine the duration and the stability of the
simulation. The maximum simulation time corresponds to the hatching time, which
depends on temperature and species. After hatching the egg transport equations used
in FluEgg are no longer valid. This results from the fact larval Asian carp exhibit
vertical swimming and can inuence their position in the water column (George
and Chapman, 2013). The simulation time step must fulll the stability criteria
established by Garcia et al. (2013). The required minimum time step depends on
the selected species, water temperature, shear velocity, and water depth.
3.3.5 Post-processing tools
Once the user sets up and successfully runs the model, the "Analyze results" push-
button is enabled (Figure 3.1B). A sub-interface containing the list of post-processing
tools to visualize the results will appear upon pressing the button. This interface
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facilitates the analysis and interpretation of the FluEgg model results. Nine post-
processing visualization options are available: (i) Evolution of a mass of Asian carp
eggs, (ii) Vertical position of the centroid of the egg mass as a function of distance,
(iii) Summary of temporal and spatial evolution of the egg mass, (iv) Egg vertical
concentration distribution, (v) Distribution of eggs over the water column at a given
downstream distance, (vi) Egg travel-time distribution, (vii) Distribution of eggs
over the water column at hatching time, (viii) Longitudinal distribution of the eggs
at a given time and eggs at risk of hatching, and (ix) 3D animation of egg transport.
These post-processing visualization tools were designed to help answer questions
regarding the prevention, management and control strategies for Asian carp in early
life stages. Examples of questions include: (i) what is the likelihood of a river
to be suitable for spawning? (ii) What potential does the river have to transport
Asian carp eggs in suspension until hatching? (iii) Where is the location of Asian
carp eggs at dierent developmental stages and at dierent periods of elapsed time?
(vi) What scenarios decrease the likelihood of a river to be a suitable habitat for egg
development before the eggs hatch and develop the ability to swim? The visualization
tools and their usefulness in answering such questions are explored in more detail in
the next section through a case study of the simulation of Asian carp (silver carp)
eggs on the Lower Saint Joseph River in Michigan.
3.4 Application to the Saint Joseph River
The FluEgg model was applied to simulate the transport of silver carp eggs in the
lower 40.1 km of the Saint Joseph River (Figure 3.3), from Berrien Springs Dam to the
rivermouth at Lake Michigan. The Lower Saint Joseph River downstream of Berrien
Springs Dam is a narrow, free-owing, meandering reach conned within a glacial
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valley, with the exception of the lower 8 miles which meanders unconned through
a glacial lake plain and divides the towns of Saint Joseph and Benton Harbor before
entering Lake Michigan. The lower 8 miles of the river is considered the rivermouth
segment (Wesley and Duy, 1999) and is characterized by a low gradient and aected
by backwater from Lake Michigan (Murphy and Jackson, 2013). Depths in the
Lower Saint Joseph River are generally less than 3 m except for the section nearest
Lake Michigan where the depth increases to over 6 m. Several tributaries including
Farmers, Lemon, Love, Pipestone, Yellow and Hickory Creeks and the Paw Paw
River join the Saint Joseph River in the lower 40.1 km. The substrate in the Lower
Saint Joseph River is mostly sand, gravel, and cobble, with ner sediments (sand
and silt) dominating the substrate close to the rivermouth (Wesley and Duy, 1999).
FluEgg was used to simulate and analyze the results of silver carp egg transport
using the post-processing tools available in the GUI. This example simulation is
provided to demonstrate the capabilities and functionalities of the FluEgg model
and its interface using an applied example in a reach with detailed hydrodynamic
and water-quality observations. Furthermore, this example provides insights about
Asian carp spawning behavior and egg development in the Lower Saint Joseph River.
This information can then be used to develop prevention, management and control
strategies. The transport and dispersion of silver carp eggs were simulated using two
data sources. The rst uses detailed observed hydraulic data from the Lower Saint
Joseph River, and the second uses simulated hydraulic data from a HEC-RAS model.
These two dierent approaches demonstrate the model's exibility and its potential
use as a decision-making tool. From the user's perspective a signicant advantage
of using a hydrodynamic model to generate a range of ow conditions with FluEgg
compared to a synoptic eld survey is the ability to simulate dierent hydrodynamic
and temperature conditions not observed during the eld survey. The eld surveys
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provide ground truth data for calibration and/or validation of the hydraulic model.
Figure 3.3: Map of the Lower Saint Joseph River in Michigan.
3.4.1 Materials and methods
The Chicago Area Waterway System (CAWS) has been identied as a potential con-
nection between the Mississippi River Basin and the Great Lakes Basin (U.S. Army
Corps of Engineers, 2012). If Asian carps use the CAWS to reach Lake Michigan,
they will likely search for tributaries with fast-moving water in which to spawn. In
this case, the Saint Joseph River would be an attractive spawning habitat for these
species, because it is the closest major river on the east coast of Lake Michigan and
has been predicted to be a potential suitable habitat for Asian carp reproduction
(Murphy and Jackson, 2013; Kolar et al., 2005).
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Murphy and Jackson (2013) analyzed the potential of the Saint Joseph River as
a viable spawning ground using observed hydraulic and water-quality data. The
authors compared egg settling zones and egg travel times against hatching time to
determine the possibility of hatching. The reported peak transport time from the
Berrien Springs Dam to the settling zone where the Saint Joseph River transitions to
backwater conditions from Lake Michigan (36.8 km downstream from Berrien Springs
Dam) was approximately 16 hours with leading and trailing edge transport times of
15 and 20 hours, respectively (Murphy and Jackson, 2013). Comparing the egg travel
times with the estimated hatching time for silver carp at typical summertime water
temperatures (18.7 hours at 26.5), Murphy and Jackson (2013) concluded that
only a small fraction of the eggs might hatch before reaching the lake. However, the
authors suggested that lower ow rates and higher water temperatures may increase
the fraction of the eggs that could potentially hatch before reaching Lake Michigan
(Murphy and Jackson, 2013).
Using FluEgg, we simulated the transport of silver carp eggs in the Lower Saint
Joseph River and compared the results of this simulation with the statements made
by Murphy and Jackson (2013) regarding the hatching possibility of silver carp eggs.
A major advantage of the FluEgg model over the eld-based analysis of Murphy and
Jackson (2013) is the ability to model the three-dimensional position of individual
eggs at every time step. Therefore, FluEgg provides high order analyses where the
entire egg plume distribution can be estimated at the predicted hatching time or
at a distance downstream from the virtual spawning location or plotted as an egg
concentration breakthrough curve at a given downstream distance from the virtual
spawning location. Physical studies cannot provide this level of insight. Moreover,
FluEgg results provide additional information about both egg transport behavior
and hatching suitability. Additional information can be derived from the FluEgg
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output using the post-processing tools included in the GUI (see sub-section 3.3.5).
The rst approach used to analyze the transport and dispersion of Asian carp
eggs in the lower 40.1 km of the Saint Joseph River used observed hydraulic input
data. The environmental and hydrodynamic data, analyzed by Murphy and Jackson
(2013), were used to simulate the transport of the eggs. This simulation provided
a base case scenario, and more importantly a reference case to compare with re-
sults obtained using the simulated hydraulic data from the HEC-RAS model (second
approach).
Observed hydraulic and water-quality data from Murphy and Jackson (2013) were
used to create the river input le (Figure 3.2). The simulated river reach is about
40 km long and was divided into 127 cells. The last cell corresponds to Lake Michi-
gan. This cell was input as an extension of the previous cell, but with a near zero
streamwise velocity and shear velocity. The simulated reach for this data set is
characterized by an average discharge, water depth, streamwise velocity, and shear
velocity of 89:19m3=s, 2:1m, 0:7m=s, and 0:06m=s, respectively. During this data col-
lection, the discharge near the Berrien Springs Dam was equal to 95:96m3=s. The
water temperature was set to 26.5  (July 2011 and July 2012 mean water temper-
ature at USGS streamgage at Niles, MI (Murphy and Jackson, 2013)). Readers are
referred to the study of Murphy and Jackson (2013) for detailed information about
the observed data.
In the second approach, using simulated hydraulic input data, a simplied 1-D
hydraulic model was implemented in the HEC-RAS 4.0 software, developed by the
United States Army Corps of Engineers Hydrologic Engineering Center (USACE,
2006).
The river input geometry data for the HEC-RAS model was obtained by using
HEC-GeoRAS together with a 1-arc second DEM (ASTER GDEM), and orthophotos
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of the study area. GIS data were downloaded from the U.S. Geological Survey
National Geospatial Program (http://viewer.nationalmap.gov/viewer/). The cross-
section river geometry, extracted using HEC-GeoRAS, is generally shallower because
the lack of a detail-high resolution DEM. The cross-section river geometry, extracted
using HEC-GeoRAS, was then combined with the geometric shape of the cross-
sections, obtained from ADCP measurements by USGS. River bottom elevations
and river roughness were adjusted such that the simulated hydraulic conditions were
in agreement with the hydraulic measurements obtained by the USGS. Single values
of Manning's n coecients were used to account for both channel and oodplain
roughness. Manning's n coecients varied between 0.024-0.08. The downstream
boundary condition was set to normal depth with slope equal to 1:5  10 6. At
the end of the adjusment process, we obtained a HEC-RAS model representing the
hydraulics of the Lower Saint Joseph River with fairly accurate results based on the
comparison of observed and simulated values of water depth and velocities.
The eect of discharge and water temperature on the transport and dispersion of
the eggs, and ultimately, on the percentage of eggs at risk of hatching was evaluated
in FluEgg using hydraulic river input data from the HEC-RAS model. We used 1 
degree incremental water temperatures from 18  (minimum spawning temperature
(Kolar et al. (2007)) to 27.5  (maximum daily temperature for the years 2010 to
2012).
Dierent hydrodynamic scenarios were simulated using the HEC-RAS model. The
rst scenario corresponds to the ow event (95:96m3=s) analyzed by Murphy and
Jackson (2013). The last three scenarios correspond to the minimum, mean, and
maximum daily ow (67:7m3=s, 116:5m3=s, and 161:1m3=s) at the USGS streamgage at
Niles, Michigan (04101500) during the spawning season (April to July) for the years
2002 to 2013. The ow is assumed to be constant from the streamgage to the Berrien
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Springs Dam. A total of 52 FluEgg simulations were performed with a combination
of hydraulic and water temperature conditions. These simulations are the basis of a
holistic analysis of the eect of changes in the hydrodynamics and water temperature
of the Lower Saint Joseph River on the transport and dispersion of Asian carp eggs
until hatching.
In all FluEgg simulations, 10,000 virtual eggs were spawned at the beginning of
the simulation at the start of the rst cell at the water surface and in the center
of the channel. The vertical diusivity was simulated using the parabolic-constant
option and the log-law for rough boundary conditions. The simulation time was set
to the hatching time while the time step used in all FluEgg simulations was equal to
9 seconds, following the stability criteria suggested by Garcia et al. (2013).
3.4.2 Results and discussion
The transport of silver carp eggs in the Lower Saint Joseph River was simulated using
the FluEgg model. These simulations provide insights related to the transport and
dispersion of silver carp eggs and to the risk of eggs hatching under dierent water
temperatures and hydraulic conditions. Additionally, the majority of the gures
presented in this manuscript were generated using the FluEgg post-processing tools.
FluEgg simulations using observed data
The hydraulic and water-quality data collected by USGS Murphy and Jackson (2013)
were used as river input data to simulate the transport of silver carp eggs in the
Lower Saint Joseph River for the ow event analyzed by Murphy and Jackson (2013).
Results from this simulation are summarized in Figure 3.4.
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Figure 3.4: Temporal and spatial evolution of the egg mass in the Lower Saint Joseph
River using longitudinal ADCP measurements as FluEgg input-hydrodynamic data
(Murphy and Jackson (2013)). Shown are snapshots with egg position in vertical-
longitudinal space (A). Snapshots were taken at 0, 1, 10 and 20 hours post-spawning.
Sphere colors represent the post-spawning time at which egg location was captured.
Summary of the evolution of the egg mass in the longitudinal (x-direction, B), lateral
(y-direction normalized by the water depth, C), and vertical (z-direction normalized
by the water depth, D) direction. The solid lines indicate the mean location of the
egg mass at dierent post-spawning times (in red-x, pink-y, and purple-z directions),
the colored shaded area delimited by dash lines represents the mean one standard
deviation, and the gray solid lines represent the minimum and maximum location of
the eggs.
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The snapshot of eggs drifting in the vertical-longitudinal space in the Lower Saint
Joseph River was generated by the tool "Evolution of a mass of Asian carp eggs"
(Figure 3.4A). In Figure 3.4A, snapshots are recorded at 0, 1, 10 and 20 hours after
the spawning event. Note the user can adjust the periodicity of the snapshots. Dif-
ferent colors were employed to represent the cloud of eggs at dierent post-spawning
times. While this gure is generally qualitative, it shows several important aspects
of the evolution of the egg plume. First, as the eggs advect downstream, the mass of
eggs disperses in the streamwise direction due to shear dispersion. Second, shortly
after the spawning event, and within the entire study reach, the eggs are distributed
throughout the water column.
A more quantitative analysis examines the temporal and spatial evolution of the
egg mass. The spatial characteristics of the plume in the three-dimensional space at
any time during the simulation (Figure 3.4B, 3.4C, and 3.4D) are illustrated using
the post-processing tool, Summary of temporal and spatial evolution of the egg
mass. Travel times for the mean location of the egg mass (centroid), the mean
location  one standard deviation, and the minimum and maximum egg location for
the Lower Saint Joseph River are depicted in Figure 3.4B, 3.4C, and 3.4D. During
the rst two to four hours, the longitudinal dispersion (x direction) increases slowly,
then it increases at a much faster rate. The greatest dispersion of eggs occur nearly
12 hours after the spawning event. At the end of the simulation time, the centroid
of the eggs is located 36.7 km downstream from the spawning location.
In FluEgg, all the cells are aligned in the lateral direction to the right bank ( Y
W
= 0,
Figure 3.4B). Drastic reductions in hydraulic width between adjacent cells cause the
centroid of the egg mass to shift to the left bank ( Y
W
= 0). The opposite, an increase
in cell width, shifts the centroid of the egg mass in the lateral direction to the right
bank. This phenomenon accounts for the lag-time caused by temporal storage of eggs
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in sides of the channel where the magnitude of the streamwise velocity is less than
the middle of the channel cross-section. In a perfectly straight channel, with constant
width, the centroid of the egg mass will be located in the middle of the cross section,
shortly after spawning. In the Lower Saint Joseph River, the temporal evolution of
the centroid of the lateral position of the eggs (Figure 3.4B), indicates that within
the rst six minutes after spawning, the eggs mixed in the lateral direction, placing
the centroid of the egg mass in the middle of the cross section. During the next four
hours the centroid rst shifts from the middle of the cross-section near to the left
bank. The centroid then moves near to the right bank. Four hours after spawning
the centroid is located near the right 40 percent section of the channel where it
remains approximately constant during the rest of the simulation period. It should
be noted that the FluEgg model does not use true planform geometry of the river
and therefore, analysis of lateral dispersion is limited. Figure 5B is mainly included
to provide a check that the eggs are fully distributed across the channel.
At the beginning of the simulation, eggs were placed at the water surface. Vertical
mixing occurred rapidly, thereafter. After the rst six minutes of the simulation, the
centroid of the vertical location of the eggs is located in the lowest 30 percent of the
water depth (Figure 3.4D). As the eggs travel downstream to cells with higher ow
velocities and higher turbulence, they distribute more uniformly through the water
column. Consequently, the vertical centroid of the mass of eggs is located near the
middle of the water column starting about 2 hours after spawning. The backwater
eect from Lake Michigan impacts the last 10 km of the simulated river reach, where
the ow begin to decelerate. Once the majority of the eggs enter the backwater
zone, the normalized centroid of the eggs' vertical location decreases from 0.5 to 0.3,
resulting in a large portion of the eggs in the lower 30 percent of the water column.
These eggs are at risk of settling out of suspension.
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The previous analysis was applied to a tributary of Lake Michigan where Asian carp
have yet to inhabit. However, the analysis of the temporal and spatial evolution of the
egg mass is also useful when planning egg sampling in a stream with well established
Asian carp populations. For example, it helps determine the downstream distance
from a known spawning location at which to measure and collect egg samples. It
also provides data about the dispersion of the egg mass in the lateral and vertical
direction. When sampling, the vertical location of the egg mass is important because,
for example, if sampling nets are placed in the upper 50 percent of the water depth
but eggs are located in the lower 50 percent, the egg samples will report few or no
eggs in that particular area.
The egg travel time to a specic downstream distance is explored in more detail
using FluEgg's post-processing tools. We used the Egg travel-time distribution
tool to calculate egg travel times from the Berrien Springs Dam to the beginning
of the last settling zone, dened by Murphy and Jackson (2013), of the Lower Saint
Joseph River, located approximately 36:8 km downstream of the dam. We used the
same hydraulic conditions (discharge at the dam equal to 95:96m3=s and a water
temperature equal to 26:5 ) as Murphy and Jackson (2013). However, at this
temperature the hatching time is approximately 20 hours, not enough time for all
eggs to drift and reach the settling zone. At the end of the simulation (hatching
time) slightly more than 50 percent of eggs reached the settling zone. Therefore, a
new travel-time analysis was performed using a temperature equal to 18 (minimum
temperature for Asian carp spawning), allowing the eggs to drift long enough to reach
the settling zone (Figure 3.5). As expected, the travel-time distributions exhibit a
long tail caused by dispersion due to shear generated by the river bed and banks
(Figure 3.5A). At the end of the simulation 100 percent of the eggs reached the
settling zone.
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Figure 3.5: Travel time distribution 36.8 km downstream from Berrien Springs Dam
(A). Light blue bars represent the percentage of eggs in suspension at hatching time.
Grey bars indicate the percentage of eggs in the lower 5% of the water column.
Distribution of eggs over the water column at 36.8 km downstream from Berrien
Springs Dam (B). Results from FluEgg simulations using a discharge at Berrien
Spring Dam equal to 95:95m3=s and a water temperature equal to 18  (A,B).
Results from FluEgg simulations show a peak transport time, from the Berrien
Springs Dam to the settling zone (36:8 km), equal to 18 hours with leading and
trailing edge (10 percent of the peak percentage of eggs) transport times of 14 and
29 hours respectively (Figure 3.5A). Results indicate the mass of eggs moves slower
than predicted by Murphy and Jackson (2013), who estimated transport time based
on mean streamwise velocity. This dierence is due to the eect of the vertical and
lateral velocity gradients caused by shear. Eggs disperse through the cells domain,
reaching places where there are lower velocities than the mean streamwise velocity,
for example near the banks and the river bottom.
The percentage of eggs near the bottom is particularly important if analyzing the
risk of eggs hatching. When analyzing hatching risk, suspension and settlement pro-
cesses are important because it is thought eggs are required to remain in suspension
to hatch (Peh-Lu et al., 1964; Jennings, 1988; Schrank et al., 2001; Kolar et al., 2007;
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Aitkin et al., 2008; Chapman and Deters, 2009; Rach et al., 2010; Yi et al., 2010).
The vertical distribution of the eggs over the water column is a powerful tool to
analyze Asian carp transport in tributaries. Moreover, it can be employed to great
eect to perform egg sampling and develop control strategies targeting Asian carp at
early life stages. The vertical distribution of the eggs can be generated at dierent
downstream locations from the virtual spawning point. Locations of interest include,
but are not limited to, downstream of dams, egg or larvae sampling sites, or near a
major ecosystem (e.g., the Great Lakes).
Figure 3.5B shows the percentage of eggs distributed vertically in dierent sections
of the water column, downstream from the Berrien Springs Dam. This gure, was
created using the Distribution of eggs over the water column at a given downstream
distance post-processing tool. Results indicate that at the start of the settling zone
36:8 km downstream of the Berrien Springs Dam, approximately 8 percent of the eggs
are in the lower ve percent of the water column and at risk of perishing. However,
if we calculate the vertical distribution of the eggs at the mouth of the Saint Joseph
River at Lake Michigan (end of the jetty-not shown), the number of eggs in the lower
ve percent of the water depth increases to 25 percent, thus putting more eggs at
risk of settling and perishing. The increase in the near bottom percentage of eggs is
consistent with with the settling zone dened by Murphy and Jackson (2013).
The use of observed hydrodynamic data collected at a relatively high ow into
FluEgg provides knowledge about transport, dispersion and hatching dynamics of
Asian carp eggs under a specic ow event. Dierent scenarios can be simulated to
analyze the eect of water temperature on the transport and dispersion of carp eggs
until hatching. However, the analysis of the eect of water temperature, performed
using this approach, is restricted to a particular ow event. However, the use of
simulated hydraulic river input data (e.g., using a HEC-RAS model), provides a
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more holistic approach, allowing the user to examine a wide range of temperature
and hydrodynamic scenarios.
Comparison of FluEgg simulations using simulated and observed hydraulic data
In a second approach, the FluEgg model was run with input data calculated from
a HEC-RAS model to simulate the ow event and water-quality conditions (dis-
charge at the dam equal to 95:96m3=s and a water temperature equal to 26.5 ),
like Murphy and Jackson (2013). A comparison of FluEgg simulation results for the
two approaches under the same hydraulic and water-quality conditions is shown in
Figure 3.6.
The mean travel path of the eggs in the vertical-longitudinal space using the two
dierent sources of input hydraulic data for FluEgg is illustrated in Figure 3.6A.
FluEgg was used to generate a plot of the location (x; z) of the centroid of the eggs'
mass at every time step. The vertical location of the centroid is normalized by the
water depth to facilitate analysis of egg settling zones. Results showed agreement
between simulations using the two dierent approaches.
The longitudinal distribution of the eggs and the risk of hatching can be visualized
by employing the Longitudinal distribution of the eggs at a given time and eggs at
risk of hatching post-processing tool. This tool allows the user to generate a plot
of the distribution of the downstream location of the eggs at a given post-spawning
time up to the hatching time. In the plot generated by this tool, eggs in suspension
are dierentiated from those near the bottom. The eggs in suspension correspond
to those drifting in the upper 95% of the water column while those in the lower 5%
of the water column are considered settled. This plot also includes the cumulative
percentage of eggs (CPE) in suspension and the corresponding percentage of eggs
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Figure 3.6: Comparison of two dierent approaches to input hydrodynamic data into
FluEgg. Normalized vertical position

1 + Z
H

of the centroid of the egg mass as a
function of the average downstream distance from Berrien Springs Dam (streamwise
position of the centroid) (A) using longitudinal ADCP measurements (in pink) and a
HEC-RAS model (in blue). The vertical centroid of the egg mass is normalized by the
water depth to facilitate analysis between river-cells. Longitudinal distribution of the
eggs at hatching time using longitudinal ADCP measurements (B) and a HEC-RAS
model (C) to input the hydrodynamic characteristics of the River into FluEgg. Light
blue bars represent the percentage of eggs in suspension at hatching time. Grey bars
indicate the percentage of eggs in the lower 5% of the water column; eggs at risk of
hatching (ERH) is calculated as the total percentage of eggs in suspension. The right
axis represents the cumulative percentage of eggs (CPE) in suspension (solid-black
line). Light blue solid lines represent the location of Lake Michigan.
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at risk of hatching (rounded to the nearest 5% to account for uncertainty). The
cumulative sum of the percentage of eggs in suspension at hatching time is a proxy
for hatching risk.
The longitudinal distribution of the eggs at hatching time and the percentage of
eggs at risk of hatching using the two dierent approaches to input hydraulic data
into FluEgg are illustrated in Figures 3.6B and 3.6C. The peak percentage of eggs in
Figure 3.6C (HEC-RAS simulated hydraulic river input data) is slightly higher and
farther downstream (less than 1 km) than in Figure 3.6B (observed hydraulic river
input data). Although the distribution generated using the simulated hydrodynamic
river input data fails to capture a small percentage of slow moving and a minor
percentage of the fast moving eggs, the overall longitudinal distribution of the eggs
using the two dierent approaches are in agreement. Moreover, the percentage of
eggs at risk of hatching (cumulative percentage of eggs in suspension at hatching
time) from both approaches are consistent.
Eect of discharge and water temperature on the transport and dispersion of silver
carp eggs
Using simulated hydraulic data to generate the river input adds another dimension
to the study. Using simulated hydraulic data for a range of ow events at dierent
water temperatures into FluEgg provides a more holistic analysis. We simulated the
river hydrodynamics for a range of ow regimes. In Table 3.1 there is a summary of
results from HEC-RAS simulations. The headwater discharge (Qat Berrien Spring
Dam) was assumed to be constant from the USGS streamgage at Niles. Mean values
of discharge
 
Q

, water depth
 
H

, streamwise velocity (u), and shear velocity (u)
for the four dierent ow regimes studied are reported in the table 3.1.
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Table 3.1: Summary of simulated hydrodynamic characteristics of the Lower Saint
Joseph River for a range of ow regimes obtained from HEC-RAS simulations.
Where, Qis the headwater-discharge at Berrien Spring Dam, Q is the mean dis-
charge, H is the mean water depth, u is the mean streamwise velocity, and u is
the mean shear velocity corresponding to each of the four ow regimes at Berrien
Springs Dam.
Q [m3=s] Q [m3=s] H [m] u [m=s] u [m=s]
67.7 62.5 2.5 0.49 0.064
95.96 88.7 3.0 0.53 0.066
116.5 107.7 3.4 0.55 0.067
161.1 148.9 4.2 0.56 0.067
Figure 3.7 illustrates results from 52 FluEgg-simulations run under dierent water
temperature and discharge. Assuming silver carp eggs were spawned at Berrien
Springs Dam, and if water temperature and discharge are known, then both the
downstream location of the eggs and the percentage of eggs at risk of hatching can
be derived from Figures 3.7A and 3.7B. Figure 3.7A illustrates the downstream
longitudinal location of viable eggs (suspended) and 3.7B illustrates the percentage
of eggs at risk of hatching for a range of water temperature and discharge (at Berrien
Springs Dam). Figure 3.7C illustrates the changes in hatching time as a function of
temperature, as described in section 3.2.2.
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Figure 3.7: Box-plot of the longitudinal location of the eggs at hatching time at
dierent discharge, as a function of water temperature (A) based on 52 FluEgg-
simulations of the Lower Saint Joseph River. The x-axis indicates the distance
downstream Berrien Springs Dam (0:0 km - spawning location). Colored boxes rep-
resent the middle 50% of the distribution (from the 25th to 75th percentile); shown
are the median (solid black lines), error bars show 10th and 90th percentiles (col-
ored lines), and outliers (colored dots). The intensity of the color of the boxes in
(A) increases with discharge. Solid gray lines separate groups of simulations with
dierent discharge for a particular temperature. Eggs at risk of hatching (ERH)
at dierent discharge (circles-67:7m3=s, diamonds-95:96m3=s, squares-116:5m3=s, and
triangles-161:1m3=s) as a function of water temperature (B). Hatching time (TH) as
a function of water temperature.
The risk of hatching is a major factor impacting recruitment success. The percent-
age of eggs in suspension, the drifting time, and the hatching time aect the risk of
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hatching. These three factors are inuenced by water temperature and the hydraulic
characteristics of the river in which the eggs are drifting. As indicated above, the
buoyancy of the eggs and the density of the water are both aected by the water
temperature. The water temperature's greatest impact is not on the settlement of
the eggs, but rather on hatching time. Higher temperatures correspond to shorter
times required for hatching. Therefore, eggs need to travel shorter distances to hatch,
which increases the hatching risk. The velocity of the river also plays an important
role when assessing hatching risk. An egg's drifting time increases at lower velocities,
which increases the risk of hatching. However, velocity must remain high enough to
maintain the eggs in suspension.
The relation between water temperature and discharge illustrated in Figure 3.7A
and 3.7B, together with 3.7C, may be useful in making predictions about the like-
lihood that silver carp would be able to hatch in the Lower Saint Joseph River.
Stakeholders can use this information to estimate and/or assess: the downstream
location of Asian carp eggs at hatching time, the amount of eggs at risk of hatching,
the potential of the river to transport Asian carp eggs in suspension until hatching,
and a diversity of scenarios that might increase or decrease the percentage of eggs at
risk of hatching.
In the past, researchers evaluated minimum river length required for hatching
of Asian carp eggs (e.g., Kolar et al. (2007); Kocovsky et al. (2012)). This single
distance was used to assess the likelihood of a river to support Asian carp repro-
duction by comparing it against undammed river length. However, Figure 3.7A and
3.7B illustrate the complex interaction between the biological and physical systems.
This relation will change among rivers because the hydrodynamic characteristics and
water-quality characteristics of every river will lead to dierent dispersion patterns of
eggs, and therefore to dierent amounts of viable hatching eggs (in suspension). Even
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when analyzing one particular river, the likelihood a river is viable for reproduction
will vary depending on the water temperature and the hydraulic characteristics of
the river (Figure 3.7B).
The Lower Saint Joseph River exhibits interesting patterns over the range of ows.
The overall streamwise velocity along the rst 30 km of the Lower Saint Joseph
River increases as ow increases among dierent scenarios. However, in the lower
10 km there is a backwater zone, where the ow decelerates with distance as it meets
Lake Michigan. In this last region, the streamwise velocity is higher for lower ow
scenarios than for higher ows. At high ows the water depth increases greatly in
the backwater zone causing the energy slope to decrease considerably, and therefore
the streamwise velocity decreases. For example, along the upstream 30 km of the
river, the ow velocities are higher in the scenario where the upstream discharge is
equal to 161:1m3=s compared to the case at which the upstream discharge is equal to
67:7m3=s. On the contrary, along the lowest 10 km of the river, the ow velocities are
higher for the upstream discharge equal to 67:7m3=s than for the upstream discharge
equal to 161:1m3=s.
At hatching time, the majority of the eggs are located in the lowest 10 km of
the simulated reach (Figure 3.7A). For the majority of the simulated scenarios, the
median location of the eggs moved farther downstream as the discharge decreased
(velocity increased) in the dierent scenarios. However, for the low ow scenario
and temperatures ranging from 26 to 27:5 , the median of the location of the eggs
was located slightly upstream as compared to the median of the location of the eggs
for the rest of the ow scenarios for a particular temperature group. This occurred
because the simulation time (hatching time) was small enough that the upstream
eect of low ow velocities in the upper 30 km delayed the egg mass in comparison
to higher ow scenarios.
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We analyzed changes in the centroid of the vertical location of the eggs as a func-
tion of distance for the dierent case studies (dierent water temperature and ow
regimes). In terms of egg suspension, FluEgg results showed that independent of
the ow elds, the centroid of the vertical location of the eggs was located deeper
in the water column at higher temperatures. This occurred because at high tem-
peratures, the density of the water decreases and therefore the fall velocity of the
eggs increases. To understand this phenomenon in more detail, we isolated the eect
of water temperature from the eect of the river hydrodynamics (Figure 3.8). Egg
settling velocities in stagnant water were calculated using FluEgg subroutines for a
range of water temperatures and for dierent post-spawning times. In addition, we
took into account changes in egg diameter and egg density as a function of time. Af-
ter spawning, egg diameter increases with time while egg density decreases with time
up-to four hours post-fertilization, at which time the egg diameter and density re-
main approximately constant Chapman and George (2011a). Figure 3.8 illustrates a
family of curves showing an inversely proportional relation between post-fertilization
time and settling velocity. Moreover, Figure 3.8 shows a directly proportional re-
lation between temperature and settling velocity. Therefore, for ows analyzed in
this study and along the simulated river stretch, lower temperatures exhibited higher
suspension rates than higher temperatures for a particular scenario.
The majority of the simulations showed an increase in the percentage of eggs
at risk of hatching with increased temperature. For temperatures above the mean
daily temperature (24.6 ) the percentage of eggs at risk of hatching was inversely
proportional to the ow characteristics. The critical condition at which there is a
higher percentage of eggs at the risk of hatching occurred at the lowest discharge
and at the highest temperature (Figure 3.7B). However, for temperatures lower than
the mean daily temperature this eect is reversed, the percentage of eggs at risk of
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hatching increases with ow (corresponding to lower velocities in the lower 10 km).
This is due to both the variability in hatching time as a function of temperature and
the local hydrodynamics of the river. In addition, for lower temperatures, the river
length plays an important role because of the longer required hatching times. Even
though at lower temperatures the eggs were located farther from the bottom than
at higher temperatures, they required longer drifting times (distances). Therefore,
for the majority of simulations with temperatures lower than 23  the centroid of
the egg plume had reached Lake Michigan. This result indicates that for this range
of temperatures (18-23 ) the river length is short enough and the velocity high
enough that the centroid of the egg plume reaches the lake before the predicted
hatching time. Eggs that reach the lake before hatching are likely to settle and
perish. Therefore, for these scenarios, a majority of the eggs spawned will not hatch
despite remaining in suspension through the Lower Saint Joseph River. All in all,
Figure 3.7 demonstrates that river characteristics, including water temperature and
hydraulic characteristics can lead to signicant changes to eggs' risk of hatching.
A video of the animation of FluEgg results using the HEC-RAS simulated hydraulic
river input data, an upstream discharge equal to 67:7m3=s, and a water temperature
equal to 27.5  is provided in the supplemental material of this paper. A three-
dimensional animation of the egg transport in the river system can be generated
using the "3D animation of eggs transport (video)" tool available in the GUI. The
user can generate a video of eggs drifting in the cells-discretized river in a three-
dimensional space. The river cells are displayed with a color code indicating the
magnitude of the streamwise velocity.
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Figure 3.8: Egg settling velocity in stagnant water calculated using FluEgg sub-
routines at dierent post-spawning times for a range of water temperatures. Post-
spawning times were used to calculate egg diameter and density based on growth
time-dependent relations Chapman and George (2011b); Garcia et al. (2013) cor-
rected by temperature. Regression equations for each curve are provided. Coecient
of determination (R2) for all the equations equal to 1.00.
3.5 Summary and Conclusions
New features were included in the FluEgg model to better capture the dispersion and
hatching dynamics of Asian carp eggs. The features include the ability to simulate
the streamwise velocity variations in the transverse direction, the eect of ambient
water temperature on the density of the eggs, the internal calculation of the river
bed composite roughness, and the estimation of hatching time. The MATLAB®-
based graphical user interface for FluEgg was developed to not only support simple,
fast, and ecient user interaction, but also minimize input errors and reduce set-
up time. The GUI encourages the use of FluEgg by a larger group of users from
dierent disciplines and backgrounds. FluEgg results provide valuable information
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necessary to determine whether or not a river can support Asian carp reproduction,
egg development, and hatching.
The lower portion of the Saint Joseph River, a tributary of Lake Michigan, was
simulated to demonstrate new features of FluEgg and the capabilities to estimate the
risk of hatching under dierent water temperatures and hydrodynamic conditions.
We used two sources of hydraulic input data for FluEgg: ADCP data collected by the
USGS, and simulated hydraulic data using a HEC-RAS model. Eggs were spawned
below Berrien Springs Dam (Berrien Springs, Michigan) under a relatively high ow
(upstream discharge equal to 95:96m3=s) and typical summertime water temperatures
(26.5). Results using the two dierent approaches were in agreement.
Finally, we analyzed the eect of the dynamic relation between the physical char-
acteristics of the ow and water temperature using FluEgg and a HEC-RAS model
(used to simulate a range of ow regimes) over the egg's dispersion and egg-hatching
risk. We analyzed 52 simulations of the transport and dispersion of silver carp cover-
ing a range of ow regimes (upstream discharges ranging from 67:7m3=s and 161:1m3=s)
and water temperatures (18 to 27.5). Results showed that the eggs at risk of hatch-
ing in the Lower Saint Joseph River varied from zero to 93 percent depending on the
river hydrodynamic and temperature conditions. FluEgg simulations illustrated that
the most critical condition (highest percentage of eggs at risk of hatching) occurred
at the lowest discharge and at peak water temperatures. In summary, simulation re-
sults showed Asian carp eggs can hatch successfully (eggs at risk of hatching greater
than 27 percent) in the Lower Saint Joseph River under a broad range of hydrody-
namic conditions for temperatures greater than 23 in a river reach that is about 40
km long. This is much shorter than the 100 km previously assumed to be adequate
based on the observation of native spawning rivers (Kolar et al. (2007) as cited in
Krykhtin and Gorbach (1982)). However, for temperatures lower than 23, a longer
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river reach is required.
In this chapter we demonstrated the exibility of FluEgg to simulate a wide range
of conditions. The FluEgg model is not only able to characterize in detail the trans-
port and dispersion of Asian carp eggs but also to quantify the percentage of eggs
at risk of hatching. The use of a hydraulic model to input the characteristics of
the ow into FluEgg allows managers to perform a more holistic analysis of the
transport and dispersion of the eggs. FluEgg results demonstrate that the hatching
suitability assessment is not a linear problem where the length of the river, velocity,
or water temperatures can be assessed individually in order to conclude whether a
tributary is suitable for Asian carp reproduction. Rather, a complex analysis is re-
quired, one where egg development dynamics, water-quality characteristics, and the
hydrodynamics of the river play an important role.
The enhanced FluEgg model is a powerful tool that provides a better understand-
ing of egg transport, dispersion, development, and hatching dynamics in potential
spawning rivers. This tool can help managers develop control strategies in rivers with
existing Asian carp populations and to prevent their establishment in new ecosys-
tems.
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CHAPTER 4
EXPERIMENTS WITH SILVER CARP
SYNTHETIC EGGS
In recent years the population of Asian carp has increased exponentially in the Mis-
sissippi River Basin. Asian carp can lay thousands of eggs and have the ability to
spawn up to three times per year. There is a growing concern about Asian carp
invading the Great Lakes, which could cause negative ecological and economic im-
pact. Asian carp eggs are semi-buoyant and must remain suspended in the water
to survive, supported by the turbulence of the ow, until they hatch and develop
the ability to swim. Analysis of the transport and dispersal patterns of silver carp
eggs will facilitate the development and implementation of control strategies to tar-
get the early life stages of silver and bighead carp. Experimenting with Asian carp
eggs is complicated due to practical issues of obtaining eggs in close proximity to
experimental facilities and extensive handling of eggs tends to damage them.
Here in, we performed laboratory experiments by using styrene beads (4.85 mm
diameter) as synthetic eggs mimicking the physical properties of water-hardened eggs.
Experiments were performed using salty water to mimic the terminal fall velocity of,
and, the density of the eggs. The rst set of experiments was carried in a rectangular
vertical column lled with salty water. The terminal fall velocity of synthetic eggs
was measured using an image processing method. The salinity of the water was
adjusted in an iterative fashion to obtain a close approximation to the mean fall
velocity of silver carp water-hardened eggs.
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The second set of experiments were performed in a temperature-controlled recircu-
latory ume with a sediment bed. The ume was lled with salty water such that the
specic gravity of the synthetic eggs would mimic that of silver carp eggs. Synthetic
eggs were allowed to drift under dierent ow velocity conditions. Drifting behavior,
suspension conditions, and settling characteristics of synthetic eggs were observed.
At high velocities eggs were suspended and distributed through the water column.
Eggs that touched the sediment bed were re-entrained by the ow. Eggs saltated
when they touched the bed, especially at moderate velocities and with a relatively
at bed. At lower velocities some settling of the eggs was observed. When bedforms
were present the eggs were trapped in the sediment. Egg settling zones were located
in the sediment bed near the walls of the ume and in the lee of bedforms. Results
of this research study provide insights about transport, suspension and dispersion
of silver carp eggs. The knowledge gained from this study is useful to characterize
the critical hydrodynamic conditions of the ow at which silver carp water-hardened
eggs fall out of suspension.
4.1 Introduction
Drifting silver and bighead carp eggs are semibuoyant and need to be in suspension
to hatch (Chapman, 2006; Jennings, 1988; Kolar et al., 2007; Yi et al., 2010). The
buoyancy of each egg is due to the large amount of water absorbed by an egg after
spawning, thereby causing an increase in volume and, hence, a decrease in both
specic gravity and fall velocity (Chapman and George, 2011a; Jennings, 1988).
However, there is no clear understanding of what ultimately causes the death of
carp eggs when they sink to the bottom of a river (e.g smothering by sediments or
predation by organisms that live along the bottom).
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Yi et al. (1988) (English translation available in Chapman (2006)) collected and
analyzed Asian carp (grass, black, silver and bighead carps) eggs and larvae from the
Yangtze River in the 1960s. From this study the authors found that silver carp eggs
were the smallest and bighead carp eggs were the largest compared with other species.
The diameter of Silver carp eggs ranged between 3.5 and 6.4 mm, with a mean value
of 5.05 and a standard deviation of 0.52 mm. Bighead carp egg diameters vary from
4.9 to 6.7 mm, with a mean value of 5.82 mm and a standard deviation of 0.42 mm.
Chapman and George (2011a,b) cultured silver and bighead carp under regulated
conditions. Important biological factors such as size, diameter, growth rate and fall
velocities were documented. Before fertilization, silver and bighead carps were 1.4
and 1.6 mm, respectively. After fertilization, silver carp eggs size diameter ranged
between 3.2 and 5.4 mm, with a mean value of 4.3 mm and a standard deviation of
0.45 mm. Bighead carp eggs diameter vary from 3.6 to 6.7 mm, with a mean value
of 5.3 mm and a standard deviation of 0.58 mm.
Following fertilization Asian carp eggs begin to absorb water, thereby increasing in
size and decreasing their density over time (Rach et al., 2010; Chapman and Deters,
2009; Peh-Lu et al., 1964; Gonzal et al., 1987; Chapman and George, 2011a). Four
hours after fertilization, the eggs size diameter remains relatively constant (Chapman
and George, 2011a,b). At the same time, as the diameter increases and the fall
velocity decreases with time until an asymptotic value is reached.
Important factors aecting the spawning of Asian carp include the following: water
level uctuation, turbulence, ow velocity, temperature, and turbidity (Kolar et al.,
2007; Peh-Lu et al., 1964). Spawning grounds of Asian carp are generally charac-
terized by turbid owing water (0.25 to 0.9 m=s), while it also has been observed in
more rapidly owing water (3.0 m=s) (Kolar et al., 2007; Rach et al., 2010; Peh-Lu
et al., 1964; Yi et al., 2010). Asian carp spawning grounds are located in areas char-
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acterized by turbulent currents and mixing waters like river conuences, rock rapids,
behind sandbars, stonebeds or islands, and downstream of dams and spillways where
bubbles and eddies are present (Jennings, 1988; Kolar et al., 2007; Peh-Lu et al.,
1964; Lohmeyer, 2008). Temperatures at spawning grounds range between 18 and
30 °C (Jennings, 1988; Kolar et al., 2007; Peh-Lu et al., 1964; Yi et al., 2010).
In a previous study performed by Kolar et al. (2007), 22 Great Lakes tributaries
were identied as potential spawning rivers. This assessment was based on the cri-
terion that states a potential spawning river has to be at least 100 Km long. In
a recent study, Kocovsky et al. (2012) evaluated the spawning potential of several
Lake Erie tributaries. The authors studied temperatures, and velocity time series
of selected rivers based on the identication of ood events considered favorable to
Asian carp spawning. They dened temperature suitable for spawning as greater
than 21 °C, and dened ood events favorable for spawning when the maximum ow
velocity exceeded 0.7 m/s. The authors concluded the examined Lake Erie tribu-
taries were suciently long and had sucient velocity and water temperature to
enable egg hatching before they reached Lake Erie for the majority of ood events.
However, such conclusions requires a more critical assessment based on predictions
made from a reasonable amount of data. Managers and stakeholders need to employ
the best methods available to make informed decisions in order to keep the Asian
carp population out of rivers and other bodies of water.
Studies with silver and bighead carp eggs are dicult to perform and require
specic environmental conditions (e.g. rising of the hydrograph, temperature, tur-
bulence areas, spawning season) in order to collect the samples. Experiments with
articial eggs provide several advantages to experiments with live eggs. One example
is the experiments conducted by (Dudley and Platania, 1999). They experimented
with dierent potential materials to mimic the physical properties (specic gravity
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and settling velocity) of drifting semibuoyant Cyprinidae eggs. The Cyprinidae eggs
had a size diameter of 2.672 mm, with an specic gravity equal to 0.00589 and a
terminal fall velocity of 9.291 mm/s. As a result of these experiments, the authors
conclude that semibuoyant nylon 12 particles (specic gravity=1.005) were the op-
timum material to mimic the sh eggs. Like, Dudley and Platania (1999) articial
eggs can be used in the study of the fate and transport of silver and bighead carp
eggs. Articial eggs could be used to identify the critical hydrodynamic conditions
at which the eggs, for dierent developmental stages, remain in suspension. The
purpose of this study was two fold. First, to identify a material that can mimic the
physical characteristics of silver carp eggs. Second, to design and carry-out ume
experiments using synthetic eggs to better understand egg transport under turbulent
ow conditions which are similar to preferred spawning conditions in streams. The
goal of the study was to characterize, qualitatively, both egg-bed interaction, and
egg burial processes. Finally, this study sought to evaluate suspension and settling
dynamics of water-hardened eggs under dierent ow velocities. Synthetic eggs were
used to simulate the egg's physical properties (e.g, diameters, terminal fall veloc-
ity and specic gravity). Synthetic eggs can be used not only to study the ow
velocities required for suspension, but also to calculate residence time and travel
lengths of the eggs in suspension. Laboratory experiments with synthetic eggs were
performed in the Ven Te Chow Hydrosystems Laboratory, University of Illinois at
Urbana-Champaign.
4.2 Material and methods
Commercially available styrene spheres were used as synthetic eggs. The spheres had
a diameter of 5mm, a roundness tolerance of approximately 0.015 and a specic
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gravity approximately equal to 1.04. Synthetic eggs were purchased from Engineering
Laboratories, Inc. (www.plasticballs.com). Since the styrene spheres were not pre-
cision grade, a thorough characterization of the density and diameter was required.
The diameter of synthetic eggs was determined by taking a picture of a random sam-
ple of 36 particles which were placed over a white background next to a rectangular
grid. The picture frame was analyzed using image processing tools available in the
MATLAB® programming language (Mathworks, Natick, MA, USA). This gave an
estimate of mean diameter.
4.2.1 Terminal fall velocity of synthetic eggs in stagnant water
We developed a technique to calculate the terminal fall velocity of the synthetic
eggs. Terminal fall velocity was estimated in a rectangular 160 cm tall, 20 cm long,
and 10 cm wide clear acrylic settling column. The column was lled with salty
water. The salinity of the water was adjusted in an iterative process such that the
settling velocity of the synthetic eggs would mimic the settling velocity of silver carp
eggs as determined in laboratory experiments of Chapman and George (2011a,b).
Temperature was measured at the beginning and end of each experiment. The water
was well mixed to avoid stratication caused by salinity or thermal dierences. A
funnel was located in the middle of the section at the top of the column. Individual
particles were passed through the funnel and were tracked as they fell through the
settling column. The terminal fall velocity of individual particles was calculated
using a particle imaging system.
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Particle tracking system
A particle tracking system was used to measure terminal fall velocity of articial
eggs. A 1cm x 1cm vertical grid was located in the right and left edges of the column
for later calibration. The settling column was illuminated with a system of two
18x24-inch LED Edge Lit Panels. The LED panels were located behind the settling
column to produce a uniform illumination eld. The settling column was rectangular
to minimize horizontal visual distortion.
Consecutive high-resolution images of each particle were taken at 9 frames per
second with a Nikon D200 camera. The images were taken with a focal length of
35mm, exposure time of 1/160 seconds and an aperture of f/8 that enabled the
capture of the particles at dierent times as they fell in the water column. The
sequence of images was used to track the path of individual particles. The location
(x,z) of the particles and the time interval between images was used to calculate the
terminal fall velocity at dierent depths of the column. The terminal fall velocity was
measured after initial acceleration (approximately 50 cm below water surface). Fifty
(50) realizations were completed to develop a representative sample of the falling
velocity.
Particle Image processing
Particle image processing MATLAB® routines were developed to track the time and
position of individual particles. The methodology used is based on visual detection
of particles on each frame. Particle settling times were obtained from the camera
date database of each image. The MATLAB® routines convert images rst to gray
scale and then to black and white (binary image). The binary images are processed
using morphological processing tools to identify the centroid of each particle. The
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centroid of the particle is in pixels units; therefore a calibration is needed to obtain
the location of the particles in metric units (See 4.1).
Figure 4.1: Steps in the particle image processing code
Initially in the camera calibration process a long ruler was placed inside the center
of the settling column. A relation pixels/cm was calculated in dierent areas of the
ruler and in the grid that was located in the back of the column. The error found
between the dierent pixel/cm rates between the center and the back of the column
was less than 3 pixels, which is well within the uncertainty of this methodology.
From these measurements, an average calibration scale between pixels and cm was
calculated. The particle imaging tracking code calculates the fall velocity per pair
of two sequential images (4.1), as follows:
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Vs =
Zn+1   Zn
tn+1   tn (4.1)
where, Vs is the terminal fall velocity, Z is the vertical location of the particle
centroid (depth from water surface to particle location), t is the time at which the
particle was capture, and n represents the time step.
The particle image tracking code returned information on fall velocity as a func-
tion of depth. Later, the mean terminal fall velocity along the settling column depth
was calculated. Dierent realizations are necessary to identify the minimum num-
ber of particles needed to analyze until the mean terminal fall velocity of dierent
realizations reaches an asymptotic value. The terminal fall velocities obtained from
the particle image tracking code were compared with four equations found in litera-
ture to calculate terminal fall velocities in quiescent water (a summary can be found
in Garcia (2008), chapter 2): (i) Iteration Method, (ii) Dietrich, (iii) Jimenez and
Madsen, and (iv) Soulsby.
The laboratory experiments carried out in the vertical column aimed to reproduce
the physical characteristics of Asian carp eggs (egg density and diameter). Results
from this experiment provide the necessary water density and salinity concentration
to be used in laboratory experiments with moving water using the chosen synthetic
eggs.
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4.3 Experiments with synthetic eggs in owing water
4.3.1 Racetrack ume experimental design
Experiments with synthetic eggs in owing water were performed in the Odell-
Kovasznay ume (Odell and Kovasznay, 1971), a temperature-controlled recirculatory
ume. In this ume the turbulence is produced by the disk pump and the shear due
to the walls of the ume and the sediment bed. The ow velocity in the ume is
controlled by a disk pump, which runs at dierent rotation rates resulting in dierent
ranges of ow velocities. The dimensions of the Odell-Kovasznay ume are shown
in 4.2. The test section is 2 m long, 15 cm wide, and 60 cm deep. The disk pump,
also shown in 4.2, has disks uniformly distributed through the depth of the ume
with a disk spacing of 1.1 to 3.4 cm. The pump disks were separated carefully such
that there was enough shear between disks, therefore reaching a wide range of ow
velocity in the ume. In addition, disk spacing ensures no damage or breaking of
synthetic eggs.
The ume was lled with salty water to adjust the specic gravity of synthetic
eggs such that the physical properties of silver carp eggs were matched. A mixture
of walnut-shells and sand was used as a sediment bed in the Odell-Kovasznay ume.
The sediment bed recreated deposition and entrainment rates of eggs, and reproduced
burial and trapping eects of the eggs that might happen when eggs settle to the
bottom of the river. In addition, the sediment substrate produced shear generated
by the roughness of the sediment bed. This shear mimics some of the hydrodynamic
eects present in natural rivers. Synthetic eggs were released in the racetrack ume
to reproduce the transport and dispersal patterns of Asian carp eggs in spawning
rivers at a laboratory scale.
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Measurements of the water velocity were performed using a Nortek Vectrino II
Acoustic Doppler Velocimeter with a Velmex positioner, capable of measuring three-
component velocity (u; v; w) (García et al., 2005). The sampling volume used by
the Vectrino is determined by a sample volume of 6:0mm and a transmit length of
1:8mm. The Vectrino II rmware allows one to measure the distance to the bot-
tom and is capable of performing simultaneous measurement of velocity and bottom
position. This additional feature allows one to measure velocity elds over moving
beds.
The synthetic eggs were allowed to drift in the current under dierent velocity
elds. The transport and dispersion of the eggs was analyzed qualitatively (docu-
mented by photographs and videos), and quantitatively. The quantitative analysis
was performed by capturing the location of synthetic eggs with a high-speed camera.
A given egg location was tracked from frames using the MATLAB particle tracking
toolbox, PTVlab (Patalano and Wernher, 2013). The experiments performed in the
Odell-Kovasznay ume included: (i) measurement of the settling velocity of syn-
thetic eggs in stagnant water, (ii) qualitative observation of drifting synthetic eggs
at dierent ow velocities, (iii) estimation of the vertical distribution of synthetic
eggs drifting at a given velocity, and (iv) tracking of synthetic eggs and egg path
generation at a given velocity.
Initially synthetic eggs were released in the ume with stagnant water to ensure the
experimental set-up conditions were reproducing the egg settling velocity required
to mimic silver carp eggs. Although the water depth of the ume was not enough to
reach terminal fall velocity, it gave a good estimate of the settling velocity. Eggs were
released through a funnel in the middle of the test-section, the location of synthetic
eggs at dierent time steps was captured by picture frames with a high speed camera
as the eggs were settling. Picture frames were analyzed with the particle tracking
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toolbox, the centroid of the synthetic eggs is identied in every frame and the settling
velocity is calculated in a similar fashion to the case of the water column.
Egg drifting behavior along with egg suspension and settling dynamics were ob-
served and documented in pictures and videos. Figure 4.2 shows the location from
where videos and pictures were taken (camera 2). Egg transport was analyzed under
two conditions: relatively at bed and a movable bed with bedforms and dunes.
The disk pump works at a range of inverter frequencies, the ume was run at four
dierent inverter frequencies (5, 10, 30, and 60 Hz), corresponding to four dierent
velocities. The mean velocities obtained in the ume for inverter frequencies of the
disk pump equal to 5, 10, 30, and 60 Hz correspond to 0:033m=s, 0:056m=s, 0:2m=s,
and 0:39m=s. Eggs were allowed to drift until reaching a relatively steady state be-
fore each experiment. When the inverter frequency of the pump was changed, the
ume was allowed to run for about 10 minutes until the ow reached steady state.
The velocity prole generated at dierent inverter frequencies was measured with
the Vectrino II at the end of the of the high speed camera view area (see Figure 4.2).
The Vectrino II was placed far enough from the bend entering the test section so
secondary currents did not aect velocity measurements.
Detailed experiments using the high speed camera were performed for the case
at which the disk pump was operated at 10 Hz (0:056m=s), this case was selected
because it presents an interesting case study, in which synthetic eggs are both in
suspension and settled on the bed. To estimate the vertical distribution of synthetic
eggs, uncorrelated picture frames were taken every minute over 70 minutes. The
centroid of every particle was identied in every picture frame using the PTVlab
toolbox. The location of the centroid of 2405 uncorrelated particles was identied.
The vertical distribution of the eggs was derived from this information.
Finally, a set of 840 correlated pictures were taken while the ume was operated at
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10 Hz (0:056m=s) at a rate of 8 frames per second. Images were processed using the
PTVlab toolbox and paths from individual synthetic eggs were identied. The slope
of the dierent egg paths were analyzed to study suspension and settling patterns as
a function of the mean vertical location of the eggs.
Vectrino II
Disk pump
High speed camera field o
f view
Camera 2
High speed camera
Disk space
Figure 4.2: Odell-Kovasznay ume - Ven Te Chow Hydrosystems Laboratory
4.4 Results and discussion
4.4.1 Terminal fall velocity of synthetic eggs in stagnant water
Experimental data by Chapman and George (2011b) on cultured silver and bighead
carp corrected to a reference temperature of 22 were used to characterize Asian
carp eggs. In this paper we focus on silver carp eggs. Throughout their pre-hatching
development, silver carp eggs have a lower settling velocity than bighead carp eggs.
Therefore they require lower velocities and turbulence to remain in suspension. As
such, we selected silver carp as a critical species to evaluate. On the contrary, if we
102
focus on higher velocities to maintain bighead carp in suspension, silver carp eggs will
still be able to hatch. Assuming Asian carp select highly turbulent areas to spawn to
maintain their eggs in suspension, the critical developmental stage begins when the
eggs become water-hardened. The average mean  one standard deviation diameter,
specic gravity and fall velocity of silver carp eggs, during this developmental stage
(4 hours to 23 hours post-fertilization) is 4:7  0:35mm, 1:0017  0:0003 and 0:7 
0:06 cm=s, respectively.
We used Styrene particles with a mean diameter of 4:85mm and a density and
specic gravity of about 1040:9 Kg=m3 and 1:043 to mimic water-hardened silver carp
eggs. The density of the water was modied using salt to mimic Asian carp water-
hardened eggs terminal settling velocity. We determined, experimentally, that at 50
cm below the water surface the particles reached the terminal fall velocity (relatively
constant acceleration). The terminal settling velocity of 50 synthetic eggs was ana-
lyzed as they settle through the column. Synthetic eggs settling through the vertical
column with salty water with specic gravity of 1.042 and salinity equal to 55.5 ppt
obtained the closest settling velocity similar to silver carp eggs. Although all the eggs
were placed in the column through a funnel (same location), every particle pursued a
dierent path due to turbulence generated by the drag forces as the particles settled
through the column (Figure 4.3 A). Figure 4.3 B, illustrates terminal fall velocity as
a function of depth of the column for 50 synthetic Asian carp eggs. Statistically, a
sample of at least 25 synthetic eggs is required to reach an asymptotic mean value
of the terminal fall velocity (See 4.3 C). Results illustrate the mean terminal settling
velocity of the synthetic eggs in the salty water solution (based on 50 realizations)
is equal to 0:6  0:16 cm=s. This indicates the synthetic eggs in salty water with a
specic gravity of around 1.042 can mimic silver carp water-hardened eggs. However,
if the salinity of the water is adjusted, the synthetic particles can be used to mimic
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eggs from other species at dierent developmental stages.
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Figure 4.3: Synthetic Asian carp egg's fall velocity measurements. Articial Asian
carp egg's paths for 50 particles with 5mm diameter and SG of 1.28 (A); Articial
egg's terminal fall velocity (B); Incremental mean terminal fall velocity of articial
silver carp eggs (C).
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4.5 Experiments with synthetic eggs in owing water
4.5.1 Settling velocity in synthetic eggs in stagnant water
The Odell-Kovasznay ume was lled with salty water with an specic gravity equal
to 1.042 and a mean water depth and temperature equal to 45.85 cm and 23.6 
respectively. Synthetic eggs were released from the top of the ume in the middle
of the eld of view of the high speed camera. For this experiment the water was
stagnant to ensure the experimental set-up conditions were reproducing the egg set-
tling velocity required to mimic silver carp eggs. Figure 4.4A and B illustrate the
turbulent diusion due to drag forces generated as the synthetic eggs are settling.
Figure 4.4B illustrates the paths of synthetic eggs as they sink in the ume, notice
every egg takes a dierent path due to the role of turbulent diusion. The peak
settling velocity of the eggs corresponds to a value of 0:7 cm=s, which is in agreement
with silver carp eggs settling velocities. The settling velocities measured in this ex-
periment does not represent the terminal fall velocity of the eggs, however, it is a
good indication of the ability of the synthetic eggs to mimick silver carp eggs. A
few synthetic eggs experienced upward movement (negative settling velocities), this
is because small bubbles were attached to the surface of the synthetic eggs forcing
them to move upwards. However, at the end of the experiments all the particles
settled to the bed.
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Figure 4.4: Experiments of settling velocity of synthetic eggs in the Odell-Kovasznay
ume with stagnant water conditions. Picture frame of the synthetic eggs settling
in the Odell-Kovasznay ume (A). Egg paths of synthetic eggs (B). Distribution of
settling velocity (Vs) of synthetic eggs in [m=s] (C). Positive values indicate downward
movement of particles.
4.5.2 Qualitative observation of drifting synthetic eggs
Velocity distributions were measured in the Odell-Kovasznay ume using the Nortek
Vectrino II Acoustic Doppler Velocimeter with a Velmex positioner. The ume was
run for 10 minutes before every experiment to ensure the ow and the dispersion of
the eggs reached steady state. Two cases were analyzed, one with a relatively at
bed and the other with bed forms. Figure 4.5 illustrates egg drifting behavior for
an instant of time, videos of synthetic eggs drifting under the dierent conditions of
velocity and bed conguration are provided as supplementary material.
106
Figure 4.5: Mosaic of pictures taken at a given instant of time for two cases: relative
at bed (right) and bed with presence of bedforms (left). Every row represents a
dierent velocity case: 0:033m=s, 0:056m=s, 0:2m=s, and 0:39m=s. Eggs size and color
were modied to facilitate visual detection.
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In the presence of bedforms and at a mean velocity equal to 0:033m=s, there are few
eggs in suspension, a large fraction of the eggs were trapped in the lee of the dunes,
especially in areas near the wall of the ume. These areas are characterized by very
low velocities. In the lee of the dunes there is ow separation creating dead zones
behind the dunes, and near the walls the shear causes very low, near zero velocities.
Therefore, it is very dicult for the eggs to get re-entrained to the ow. However, at
the same ow velocity and relative at bed conditions eggs are not getting trapped
as much as in the case with presence of bedforms. There are some instances where
eggs were trapped due to imperfections of the bed. The general behavior of the eggs
that touch the bed corresponds to saltation processes where eggs roll over the bed.
However, it seems that the mixing near the bed is not strong enough to reentrain
synthetic eggs.
For the case in which are bedforms present, but at velocities equal to 0:056m=s,
there are still some eggs getting trapped in the lee of the dunes and near the ume
walls, but there are fewer eggs trapped compared to the case where velocities were
equal to 0:033m=s. Also, the percentage of eggs in suspension is higher than in the
previous case, partly because there is more mixing to maintain the eggs in suspension,
and partly because there are fewer eggs getting trapped in the bed. Eggs that settle
and touch the bed bounced back, getting reentrained to the ow relatively quickly.
However, if an egg was trapped on the bed, it was very dicult to get reentrained
to the ow. Under the same velocities, but with a relatively at bed, eggs did not
get trapped. Instead, eggs saltated over the bed. In this case, there are more eggs
in suspension than in the previous case.
At mean velocities equal to 0:2m=s, there are not remarkable dierences between
the case with bedforms and the case with relatively at bed. Almost all the eggs are
in suspension. Occasionally there are eggs near the bed, however eggs get reentrained
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rapidly to the ow. The egg's drifting behavior at velocities equal to 0:39m=s is similar
to the previous case-the dierence is that the eggs move faster and, if touching the
bottom, they get reentrained faster as well.
We selected the case of velocities equal to 0:056m=s with at bed to explore drifting
patterns and suspension and settling processes in more detail. We believe this is a
representative case where both eggs in suspension and eggs near the bed can be
studied.
4.5.3 Estimation of the vertical distribution of synthetic eggs
Uncorrelated picture frames were taken every minute, avoiding taking pictures of
the same eggs moving. The location of the centroid of every egg in each picture was
identied using the PTVlab toolbox (Figure 4.6A). Results illustrate that when the
bed was relatively at and at velocities as low as 0:056m=s about 65 percent of the
eggs remained in suspension. Previously, it was believed that velocities ranging from
0.25 to 0.9 m=s (Kolar et al., 2007; Rach et al., 2010; Peh-Lu et al., 1964; Yi et al.,
2010), were required to maintain eggs in suspension. In a recent study, authors used a
threshold of velocities greater than 0:7m=s required to maintain eggs in suspension by
the water turbulence (Kocovsky et al., 2012). However, these estimates of velocities
were obtained by observation of known spawning grounds, and the critical stage for
Asian carp recruitment is when they are water-hardened. This indicates that for
the conditions evaluated in these laboratory experiments, and at velocities about 12
times lower than previous cited in literature, water-hardened eggs will be remain
in suspension. It is dicult to generalize and identify a single critical velocity to
maintain eggs in suspension. There are dierent factors that will play an important
role, like temperature, bedforms, bed substrate, and other factors. However, results
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from this laboratory experiment, better pin-point the magnitude of critical velocity
conditions to maintain eggs in suspension.
Figure 4.6: Location of the centroid of synthetic eggs obtained from uncorrelated
pictures taken at 1 frame per minute (A). In (A) white space in the bottom
 
z
h
= 0

is due to irregularities in the bed. Y-axis corresponds to the normalized vertical
location of the eggs. Vertical distribution of the eggs (B). This is for the case at
which the ume is running at 10 Hz, mean streamwise velocity equal to 0:056m=s.
4.5.4 Egg path of synthetic eggs
One important question regarding suspension and settling dynamics of eggs is whether
an egg will remain in its initial vertical location for a long period of time under steady
state conditions. The answer to this question might be useful to biologists and sci-
entists to determine whether eggs collected in the surface have been drifting for an
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extended period of time, or were settled upstream from the sampling location and
then got resuspended to the water column. Analyzing the paths of synthetic eggs
not only is useful to answer questions similar to the one above, but also give insights
regarding why an egg driven by the turbulence and mixing processes will tend to
go upwards rather than settling down due to gravity. The slope of synthetic eggs'
paths provides information regarding the balance between settling forces and upward
mixing forces.
Laboratory experiments were performed in the ume under relative at bed con-
ditions and velocities equal to 0:056m=s. Egg paths were derived by tracking of cor-
related frames taken at a rate of 4 frames per second. The location of the centroid
of every egg in every picture frame was detected using the PTVlab toolbox. Then,
particles were tracked between pairs of pictures. This was performed by computing
the cross-correlation coecient of light intensities between a pair of picture frames
and using an interrogation area of about 3 times the diameter of synthetic eggs.
Path lines of synthetic eggs are illustrated in Figure 4.7A, path lines were cate-
gorized by their mean slope: negative (green), positive (light blue), and mild slope
(dark blue). Negative slopes of egg's path illustrate the case where mixing is not
enough to counteract settling eects. Mild slopes indicate that turbulent mixing
is approximately in the same order of magnitude as settling, therefore the vertical
location of the synthetic eggs remain relatively stable across the eld of view of the
camera. Positive slopes indicate that turbulent mixing is stronger than settling pro-
cesses, therefore synthetic eggs will tend to move upward. Figure 4.7B the mean
slope of egg's path are presented as a function of the normalized egg mean verti-
cal location, Figure 4.7C illustrates the distribution of the mean slope (overall) of
synthetic eggs path located in vertical layers across the water depth. The vertical
distribution of the mean slope of the egg paths illustrate the combined eect of ve-
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locity gradients and turbulence mixing (eddy diusivity). The overall tendency of
the majority of synthetic eggs tends to go downward, which indicates that at a ve-
locity of 0:056m=sand under relative at bed conditions, the turbulence mixing is not
very strong. However, there is a clear area in Figure 4.7C that indicates turbulence
mixing is stronger, this corresponds to the layer that is located at about 55% of the
water column. In this layer there are still synthetic eggs than tend to settle, however
the overall tendency of the vertical movement of synthetic eggs located in this layer
is upward. The layer closest to the bed illustrates an overall stable tendency of the
location of the eggs, relatively equal amounts of eggs tends to go up and settle. In
this layer turbulent mixing is very low compared to the rest of the water column,
therefore eggs will tend to remain in this area for longer periods of time. Although
turbulent mixing is low in this layer, gradients of velocity are steep, causing shear,
which causes dispersion of eggs. Finally, other factor that inuences the overall mild
mean slope of the egg path in this layer, is the saltation processes that occurs in this
part of the water column.
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Figure 4.7: Synthetic egg path lines using correlated images taken at 4 frames per
second (A). Slope of egg path as a function of normalized egg mean location (B). In
(A) and (B) colors indicates negative (green), positive (light blue), and mild slope
(dark blue) of the egg path. Mean egg path slope as a function of normalized egg
mean location (C).
4.6 Conclusions
Under the assumption that Asian carp will spawn in highly turbulent areas, with
enough mixing to keep their eggs in suspension, we identied water-hardened silver
carp eggs as the critical indicator to analyze the hydrodynamic conditions to maintain
eggs in suspension and therefore optimum conditions to facilitate egg development
and hatching. In previous studies, scientists employed a high threshold of velocity to
evaluate tributaries suitable for egg development and incubation. The high threshold
of velocity was determined based on observations of the spawning ground character-
istics which does not correspond to the minimum velocities required to maintain
eggs in suspension. Ultimately, this leads to incorrect conclusions and decisions be-
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cause one might discard a stream, suitable for egg development and hatching, from
consideration based on a high threshold of velocity.
Styrene particles with a mean diameter of 4:85mm and a density and specic
gravity of about 1040:9 Kg=m3 and 1:043 are able to mimic eectively the physical
properties (diameter, density and settling velocity) of water-hardened silver carp
eggs in salty water with specic gravity equal to 1.042 and salinity equal to 55.5
ppt. Synthetic eggs terminal settling velocity was calculated experimentally with a
vertical column using an imaging processing technique, the terminal settling velocity
of silver carp eggs was equal to 0:6  0:16 cm=s. Small adjustments in the salinity
of the water might allow to mimic eggs at dierent developmental stages, eggs of
dierent species, or other passive particles (e.g., sediment grains, and oil droplets).
Qualitative observation of synthetic eggs drifting at a range of velocities and un-
der dierent bed congurations generated insights regarding egg suspension, saltation
processes and egg bed trapping. At velocities lower than 0:056m=s, bedforms pro-
duced egg trapping zones in the lee of the dunes, other areas where eggs got trapped
at this low velocities was near the wall of the ume caused by the no-slip condi-
tion generated by the shear of the walls. Eggs saltation processes were observed at
velocities higher or equal to 0.056, at lower velocities saltation processes were not
notorious, instead non-trapped eggs rolled on top of the sediment bed. Finally, at ve-
locities higher than 0:2m=s dierences between the at bed and bedforms conditions
were not remarkable.
One of the main conclusions of this study is that at velocities as low as 0:056m=s;
and at a relatively at bed, about 65 percent of synthetic eggs remain in suspension.
This velocity is about 12 times lower than previously cited in literature. Factors like
temperature, bed roughness, bed substrate, presence of bedforms, and other factors
might aect egg suspension behavior. Finally, results from laboratory experiments
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depict the important role played by the combined eect of velocity gradients and
turbulence mixing in the suspension of Asian carp eggs. The knowledge gained from
this study is useful to characterize the critical hydrodynamic conditions of the ow
at which silver carp water-hardened eggs fall out of suspension.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
5.1 Conclusions
The Fluvial Egg Drift Simulator (FluEgg) was developed to simulate the transport
dynamics of Asian carp eggs. FluEgg is a three dimensional Lagrangian model that
tracks individual virtual eggs as they drift through the current during the life stages
before hatching. The FluEgg model has the capability to predict the drifting behavior
of eggs based on the physical properties of the eggs and the environmental and
hydrodynamic characteristics of the stream where the eggs are drifting. Results
from FluEgg simulations provide insights regarding: (i) the likelihood of a river to
be suitable for spawning, (ii) the potential of a river to transport Asian carp eggs
in suspension until hatching, and (iii) the identication of the location of Asian
carp eggs at dierent developmental stages. FluEgg is a useful tool to improve
the understanding on drifting behavior of Asian carp at early life stages. Scientists,
managers and stakeholders might benet from using this tool because it would enable
them to make informed decisions for controlling Asian carp.
The FluEgg model was used to simulate the transport of Asian carp eggs in the
Lower Sandusky (Ohio) and Lower Saint Joseph Rivers (Michigan). FluEgg simula-
tions predicted that successful transport of Asian carp eggs to the point of hatching
is possible in the Lower Sandusky River under observed conditions. Simulations of
116
the Lower Saint Joseph River were performed using both ADCP data and HEC-RAS
model data. The eggs hatching risk in the Lower Saint Joseph River was studied for
a range of ows and water temperatures. This demonstrates the exibility of FluEgg
to simulate a wide range of conditions. Results depicts that successful transport
of Asian carp eggs to the point of hatching is possible in the Lower Saint Joseph
River for a dierent range of ows and water temperatures. The highest percent-
age of eggs at risk of hatching occurred at the lowest simulated discharge and at
peak water temperatures. FluEgg simulations of the transport of Asian carp eggs
in Great Lakes tributaries illustrate the eect of the dynamic relation among river
length, hydrodynamics, and water temperature on egg transport and hatching risk.
Results demonstrate that the hatching suitability assessment is not a linear prob-
lem where the length of the river, velocity, or water temperatures can be assessed
individually in order to conclude whether a tributary is suitable for Asian carp repro-
duction. Rather, a complex analysis is required, one where egg development biology,
water-quality characteristics, and the hydrodynamics of the river play an important
role.
Laboratory experiments with synthetic silver carp eggs build on the knowledge
obtained from the development of the FluEgg model and its applications to dierent
Great Lakes tributaries. Water-hardened silver carp eggs are an indicator to analyze
the critical hydrodynamic conditions to maintain eggs in suspension and therefore
optimum conditions to facilitate egg development and hatching.
Styrene particles were used as synthetic eggs. They possessed a mean diameter
of 4:85mm and mimicked the terminal settling velocity of water-hardened silver
carp eggs in salty water. The particles had a mean terminal settling velocity equal
to 0:6  0:16 cm=s in a salty water solution with a specic gravity equal to 1.04.
The qualitative observation of the synthetic eggs drifting at a range of velocities
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and under dierent bed congurations generated insights regarding egg suspension,
saltation processes and egg bed trapping. At velocities lower than 0:056m=s, bedforms
produced egg-trapping zones in the lee of the dunes and near the wall of the ume.
Eggs saltation processes were observed at velocities greater or equal to 0.056. At
lower velocities non-trapped eggs rolled on top of the sediment bed rather than
saltating. At velocities higher than 0:2m=s, the dierences between at bed and
bedform conditions were not pronounced. At velocities as low as 0:056m=s and on
a relatively at bed, about 65 percent of synthetic eggs remained in suspension.
This velocity is nearly 12 times lower than that which has been previously cited in
literature.
5.2 Future work
This thesis analyzed numerically and experimentally egg transport and dispersion
in spawning rivers and has resulted in the FluEgg model supported by laboratory
experiments to study egg transport and development. There are many opportunities
to build on this research. As such, the research presented in this thesis has opened
several research opportunities which should be pursued. This section presents briey
some of these research possibilities.
Research opportunities include but are not limited to:
 FluEgg testing and future improvements:
 Investigate in more detail the relation between the diusion of Asian carp
eggs at dierent developmental stages with the diusion of uid momen-
tum. In particular the cases where Vs
u > 1.
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 Incorporate results and ndings from laboratory experiments into FluEgg,
particularly the dynamics involved in the eggs-sediment interaction.
 Develop and implement a mortality model that takes into account egg
burial, damage of eggs due to the impact with the river bed, and the
friction occurring due to shear.
 Verication of FluEgg in known spawning rivers.
 Application of FluEgg to more Great Lakes tributaries to assess whether a
given tributary will have a high risk of egg hatching under dierent conditions
of ow and water temperature.
 Extend laboratory experiments to improve the knowledge on the transport
and dispersal patterns of Asian carp eggs in owing water for a range dierent
conditions. Potential future experimental work include but are not limited to:
 Qualitative analysis of eggs transport using dierent sediments.
 Quantitative measurements performed for a dierent range of conditions
of egg development, water temperature, sediment type, bed structure, and
carp species.
 Laboratory experiments using fertilized Asian carp eggs.
 A thorough characterization of the hydrodynamics of the Odell-Kovasznay
ume.
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APPENDIX A
SENSITIVITY OF INITIAL NUMBER OF EGGS
VS NUMBER OF TRIALS
In nature, there exist random phenomena present in diusive and dispersive pro-
cesses; that is, every single egg will drift in a dierent way in the same reach of a
river under the same conditions. FluEgg has a stochastic component as well, there-
fore, the model will give a dierent independent result for each simulation of the
same scenario. The variability in the model results will depend mainly on the initial
number of eggs in the spawning event and the number of trials performed to get a
mean egg vertical concentration distribution. It is important to determine the su-
cient number of eggs to use in the spawning event or the number of trials needed to
get a representative average of results.
The accuracy of the results increases as the number of eggs or the number of trials
in the ensemble increases. Figure. A.1 shows the egg vertical concentration distri-
bution 20 m downstream of spawning location for the base experiment (streamwise
velocity of 0.4 m=s). Figure. A.1A shows the egg vertical concentration prole for
an ensemble of 30 trials of 1,000-egg simulations. Figure. A.1B shows the same as
A.1A, except that FluEgg is seeded with 50,000 eggs. The variability in Fig. A.1A is
greater than the variability in Figure. A.1B. However, the ensemble average in Fig-
ure. A.1A agrees with that of Figure. A.1B although the ensemble mean of Figure.
A.1A is not very smooth. Though, in the case of Figure. A.1A if the user performs
just one trial, results will be aected by variability errors and would poorly represent
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the expected results. On the other hand, a single run of the model using 50,000 eggs
will be a good representation of the expected results.
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Figure A.1: Egg vertical concentration distribution in a ume at a mean stream-
wise velocity of 0.4 m=s. (A) Ensemble of 30 trials of a 1,000-egg simulation (gray
lines), mean dimensionless egg concentration (thick black line), std dev (dashed
black lines); (B) same as (a) except that FluEgg is seeded with 50,000 eggs. The egg
vertical concentration distribution is shown in dimensionless form where, z
h
is the di-
mensionless height, Cz
C
is the dimensionless concentration, Cz is the egg concentration
at z, and C is the egg vertical averaged concentration.
A careful assessment should be made to be condent about the output from a
stochastic model. We used the variance test to assess whether results are a repre-
sentative realization of what is happening in reality, or an outlier that would lead
to wrong conclusions (Scotia et al., 2002).We estimated the number of particles and
trials needed to obtain statistical stability in the results. Statistical stability in the
results indicates whether the result is close to what will happen in reality or just an
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occurrence. The sensitivity analysis was performed for the base experiment of the
case study and a t = 1 second. We ran FluEgg several times (trials) with dierent
number of eggs (particles) and estimated the depth-average of both the standard
deviation as well as the 95% condence interval of the mean vertical concentration
ensemble. The results are considered reliable when these statistics stabilize (Scotia
et al., 2002).
The depth-average of both standard deviation and the 95% condence interval of
the mean vertical concentration ensemble decrease as the initial number of particles
increases or as the number of trials in the ensemble increases (Fig. A.2 and A.3). In
this way, the number of initial eggs or the number of trials depend on the expected
accuracy of the results. Based on results in Fig. A.2 and A.3, we chose to perform
1 trial with an initial number of eggs equal to 80,000.
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Figure A.2: Depth-averaged standard deviation of the mean egg concentration (std
of mean) at 20 m downstream from the spawning location.
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Figure A.3: Depth-averaged 95% condence interval as a fraction of the mean egg
concentration (95% conf as frac of mean) at 20 m downstream from the spawning
location.
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